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Sir: 



I, Ebrahim Zandi, hereby declare that: 

1 . I am currently employed as Associate Professor of Molecular Microbiology and 
Immunology at the University of Southern California, Norris Cancer Center, Los Angeles, CA. I 
have a Ph.D. degree in Biochemistry from California Institute of Technology. A copy of my 
Curriculum Vitae is attached as Appendix A. 

2. I am the Ebrahim Zandi who is listed as a co-inventor of the above-identified 
application. 
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3. I have reviewed the above-identified application, the proposed amended claims, 
the Office Action issued June 13, 2007 by the U.S. Patent and Trademark Office in connection 
with the subject application and the references cited by the Office in support of the rejection of 
the claims under 35 U.S.C. § 103(a). Specifically, Li et al. (2001) J. Biol. Chem. 276(6):4494- 
4500; Rothwarf et al. (1998) Nature 395:297-300; Traincard et al. (1999) J. Cell Sci. 112:3526- 
3535; and Epinat et al. (1997) Yeast 13:599-612 were cited for allegedly teaching or suggesting 
reconstituting the IKK complex in yeast host cells by expressing the IKK subunit genes of Li et 
al. or Rothwarf et al. in yeast using any known yeast expression vector or yeast expression 
vectors as taught by Epinat et al. 

4. This declaration is submitted to discuss the teachings of Rothwarf et al., supra. 
All statements are made to the best of my knowledge and on information and belief and further 
reflect what in my opinion, was the knowledge and skill of the ordinary artisan as of the effective 
filing date of the subject patent application. 

4. Rothwarf et al., supra, stated on page 300, left column, first paragraph "The 
ability of the C-terminally truncated IKK-y mutant to inhibit IKK activation by upstream stimuli, 
while having only a small effect on basal kinase activity, indicates that the major function of 
IKK-y may be to connect the IKK complex to upstream activators." This statement, in the 
context of the entire article, teaches away from the autophosphorylation activity of the IKKy 
subunit shown in the above-identified application in Example II, first paragraph, "IKKy regulates 
the autophosphorylation of the T loop residues in the kinases domain of the IKKp. This 
phosphorylation is required for activation of the IKK complex." Additionally, this statement 
further demonstrated that at the time of the publication of the article, upstream activating proteins 
as described below were understood by the authors of Rothwarf et al., supra, to be required to 
activate the IKK complex of the present application. 

5. In the present application, I and my coinventor show that the recombinant, 
substantially homogeneous and biologically functional IKK complex produced in a yeast system 
is a large complex similar to the naturally occurring IKK complex purified from the human HeLa 
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cell line. The data described in Example I and Figure 2 in our application show that the 
recombinantly produced complex isolated from transfected yeast cells and naturally occurring 
purified complex from HeLa cells elute from a separose 6 gel filtration column as large 
approximately 900kD complexes. The data described in Figure 3 and on page 15, lines 21 to 27 
in our application show that the activity of recombinantly produced IKK complex isolated from 
yeast is higher than the purified IKK complex from non-stimulated HeLa cells and the same or 
slightly higher than purified activated IKK complex from TNF-stimulated HeLa cells. In 
subsequent experiments, described in Miller and Zandi (2001) "Complete Reconstitution of 
Human IkB Kinase (IKK) Complex in Yeast" J. Biol. Chem. 276(39):36320-36326 (enclosed as 
Appendix B), Figure 3 A, 3B and left column, lines 14-20, the activity of recombinantly produced 
IKK complex isolated from yeast is intermediate to the purified IKK complex from non- 
stimulated and TNF-stimulated Hela Cells. In sum, the activity of recombinantly produced IKK 
complex isolated from yeast is higher than the purified IKK complex from non-stimulated HeLa 
cells. This was a surprising and unexpected result as, at the time of the effective filing date of 
this application and to the best of my knowledge, it was believed that mammalian IKK complex 
required post-translational processing or "activation" by protein kinases to produce biologically 
functional IKK complex in mammalian cells. Thus, yeast were not known to possess the 
identical protein kinases or other homologous kinases to the mammalian "activating" proteins, 
such as TRAF2, RIP, and A20. This is supported by the authors of the following technical 
publications: Devin et al. (2000) Immunity 12:419-429; Zhang et al. (2000) Immunity 12:301- 
31 1; and Lin et al. (2000) Mol. Cellular Biol. 20(18):6638-66445, copies of which are attached as 
Appendices C, D and E, respectively. 

6. Devin et al., supra, discloses that the RIP kinase and the TRAF2 protein are 
essential effectors in the TNF signaling pathway mammalian cell systems. In response to TNF 
treatment, the transcription factor NF-kB is activated through activated IKK. Moreover, the 
reference discloses that IKK activation requires the presence of RIP in the same complex (see 
Summary and Introduction). Zhang et al. (2000), supra, also discloses that the signaling 
activation of the IKK signalsome are regulated through binding of NEMO (IKKy) to RIP and 
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A20 through the p55 TNF receptor complex (see Summary and Introduction). Lin et al., supra, 
also discloses that the death domain kinase RIP, a key factor in TNF signaling, plays a pivotal 
role in TRAIL-induced IKK and JNK activation. Therefore, at the time of the effective filling 
date and to the best of my knowledge, the state of the art was that the activating proteins TRAF2, 
RIP, and A20 are necessary for formation of biologically active IKK complex and that yeast does 
not express identical or homologous proteins. Thus, it is my opinion that, one of skill in the art 
would not have expected that yeast could produce substantially homogenous and biologically 
functional IKK complex because yeast lack all of these necessary activating proteins to produce 
such a biologically functional IKK complex. 

7. The Office also alleged in the Office Action that one of skill in the art would have 
"... clearly expected that active complex could be produced by coexpression of either of NIK or 
MEKK1 in the yeast host as this is clearly taught by the art." Rothwarf et al., supra, on page 
297, right column, lines 16-19, teaches that IKK-a/p can be phosphorylated and activated by 
overexpression of NIK and MEKK1 in mammalian cells, but does not teach that the IKK 
complex from yeast of the present application containing IKKa, IKKp\ and IKKy can be 
activated by NIK or MEKK1 in yeast systems. Rothwarf et al. also teaches that the physiological 
role of NIK and MEKK1 in IKK activation by pro-inflammatory cytokines is not clear. It is my 
opinion that this statement shows that the authors were uncertain as to the role of NIK or 
MEKK1 in activating IKK proteins. 
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8. I further declare that all statements made in this declaration of my own knowledge 
are true and that all statements made on information and belief are believed to be true; and 
further, that these statements were made with the knowledge that willful, false statements and the 
like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of 
the United States Code and that such willful, false statements may jeopardize the validity of legal 
decisions of any nature based on them. 





Ebrahim Zandi, Ph.D. 
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APPENDIX A 



Ebrahim Zandi, Ph.D. 



CURRICULUM VITAE 



Date: May, 2008, 



A. Personal Information : 



Name in Full 
Business Address 



Business Phone 
Home Address 
Home Phone 
Place of Birth 
Citizenship 
E-Mail Address 
Spouse 
Children 



B. Education : 

College or University 
Graduate School 
Postdoctoral Training 



Ebrahim Zandi, Ph.D. 

Norris Comprehensive Cancer Center 

441 Eastlake Ave. NOR 6429, MS# 9176, Los 

Angeles, CA, 90033 

(323) 865-0644 

2618 Sunnydale Drive, Duarte, CA, 91010 
(626) 359-2096 
Tehran, Iran 
U.S.A. 

Zandi(5)usc.edu 
Rebecca A. Shakeley 
Kaitlyn Elizabeth 
Justin Prescott 



University of Zurich, Department of Biochemistry, 
Switzerland, Zurich, 1990 
California Institute of Technology, Department of 
Chemistry, Division of Biochemistry, 1995 
University of San Diego, Department of 
Pharmacology, School of Medicine, CA, 1998 



C. Fellowships and Awards: 

1996-1998 American Cancer Society Junior Postdoctoral Fellowship 

1998- 2001 Leukemia and Lymphoma Society of America Special Fellow 

1999- 2001 V Foundation Research Grant Award for Cancer Research 

1 999- 2003 Stop Cancer Career Development Award 

2000- 2002 USC Center for Liver Disease Young Investigator Award 

2001- 2005 PEW SCHOLAR in the Biomedical Sciences Award 

D. Professional Background: 

1989- 1990 Teaching Biochemistry and Molecular Biology lab courses for Biology and 

Medical students, University of Zurich, Switzerland 

1990- 1995 Supervising undergraduate research projects and Teaching Assistant, 

Biochemistry, California Institute of Technology 
1996-1998 Postdoctoral Fellow, University of California at San Diego, School of 
Medicine 

1998-2007 Assistant Professor, University of Southern California, Norris Cancer 

Center, Los Angeles, CA 
2007-present Associate Professor, University of Southern California, Norris Cancer 

Center, Los Angeles, CA 
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2007-present Director, Proteomic Subcore, and Associate Director, Metabolic/Analytical 
Core, USC Research Liver Center 

E. Society and Research Organization Membership: 

Swiss Society for Cell Biology 

American Society for Biochemistry and Molecular Biology 
California Cancer Consortium 
Norris Comprehensive Cancer Center 
USC/Research Center for Liver Diseases 

USC/Research Center for Alcoholic Liver and Pancreatic Diseases 

H. Editorial Boards: 

The Journal of Biological Chemistry (November 2006 to present) 

On the review panel for Journal of Cellular Biochemistry (April 2007 to present) 

Editorial reviews. 

Reviewed manuscripts for the Molecular and Cellular Biology, Journal of Biological 
Chemistry, Free Radical Biology and Medicine, PANS, Cell Physiology, Environmental 
Science and Technology, and Cancer Research. 

I. Research Activities: 

Major Areas of Research Interest: 

Molecular Mechanisms of Signal Transduction by IKK Complex and NF-kB 
Signaling Networks and post-translational modifications by mass spectrometry based 
proteomic 

Pro-inflammatory cytokine signaling and mechanisms of specificity 

Role of pro-inflammatory cytokines in cancer drug resistance, genome stability, and 

cancer stem cell protection 

Regulation of IKK and MAPK signaling at different stages of cell cycle 
Proteomics, Mass spectrometry 

Funding: 
Completed: 

1. Leukemia Society of America Special Fellow Award, 3763-99 (PI: Zandi) 

Period: 07/01/98 to 06/30/01 
Total cost: $119,100 

Title of project: Purification and characterization of IkB kinase subunits: Determination of 
its composition and function in immune system. 

2. The V Foundation, V FDN 99/00 (PI: Zandi) 

Period: 09/01/99 to 08/01/01 
Total cost: $100,000 

Title of the project: Anti-apoptotic Function of NF-kB and its Signaling in Cancer. 

3. The Wright Foundation Research Award, FY2000#221 (PI: Zandi) 

Period: 06/01/00 to 05/30/00 
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Total cost: $50,000 

Inhibition of NF-kB signaling by interleukine 10. 

4. American Cancer Society Seed Money for Pilot Projects (PI: Zandi) 

This award is from the American Cancer Society Institutional Fund, ACS IRG-58-007-41 to 
Norris Cancer Center. 

Period; 06/01/00 to 05/30/00 

Total cost: $15,000. 

Title of the project: Anti-apoptotic function of NF-kB and cancer development. 

5. The USC "Research Center for Liver Diseases Pilot/Feasibility Projects (PI: Zandi) 
This award is from the NIDDK Liver Center Grant 2P30 DK48522 (PI: N. Kaplowitz) 

Period: 03/01/00 to 03/01 /01 
Total cost: $44,000 

Title of project: Regulation of mRNA maturation and stability by cytokine induced protein 
methylation. 

6. The USC "Research Center for Liver Diseases, New Investigator Award (PI: Zandi) 
This award is from the NIDDK Liver Center Grant 2P30 DK48522 (PI: N. Kaplowitz) 

Period: 03/01/00 to 03/01/01, 
Total cost: $50,000. 

Title of project: Regulation of mRNA maturation and stability by cytokine induced protein 
methylation 

7. Margaret Early Foundation Award, EARLY 2002 (PI: Zandi) 

Period, 01/01/02 to 12/31/02 
Total cost: $49,000. 

Title of Project: Reconstitution of IKK in Yeast. 

8. The Concern Foundation for Cancer Research, CONCERN 00/02 (PI: Zandi) 

Period: 07/01/00 to 06/30/03 
Total cost $100,000, 

Title of project: The Role of NF-kB in Colon Cancer Development 

9. PEW Scholar Award, 2578sc (PI: Zandi) 

Period: 07/01/01 to 06/30/06 (one year no cost extension) 
Total cost: $240,000 

Title of project: Regulation and Signal Transduction by IKK Complex 

Active. 

1. NIH, R01, GM65325-01 (PI: Zandi) 

Period: 08/01/02 to 07/01/08, 1 year no cost extension 
Total cost: $1,426,000 
Title of project: Mechanisms of I kappa B Kinase Regulation 

2. NIDDK Digestive Disease Core Center, 5 P30DK48522-13 USC Research Center for Liver 
Diseases, Director, Proteomic Subcore, and Associate Director, Metabolic/Analytical Core, 
(10% effort) 
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Period: 2005 to 2010 

3. Jean Perkins Foundation, (PI Zandi) 
Period: 12/01/2007 to 12/01/2009 
Total cost: $ 300,000 

Title of the project: The Roe of TNFa in Cancer drug resistance and protection of cancer stem 
cells. 

Reviewed waiting funding decision: 

NIH, 1R01AI070544-01A2, Collaborator, 5% effort, (PI: Bottini) 
Score 133, 11.4% 

Period: 07/01/2008 to 06/30/2013 

Total cost requested: 2,037,500 
Title of project: PTPN22 and autoimmunity 

Submitted: 

NIH, R21, 7568583 (PI: Zandi) 

Period: 09/30/2008 to 09/29/2010 
Total cost: 651,500 

Title of project: Profiling of epigenetic marks at specific DNA sites in human cells 



Publications. 

Peer reviewed publications: 

1. Zandi, E. , Galli, I., Doebbling, U., and Rusconi, R. (1993). Zinc Finger Mutations that 
Alter Domain Interaction in the Glucocorticoid Receptor. J. Mol. Biol. 230, 124-136. 

2. Engelberg, D., Zandi, E. , Parker, C. S., and Karin, M., (1994). The Yeast and 
Mammalian Ras Pathways Control Transcription of Heat Shock Genes Independently of 
HSF. Mol. Cell. Biol. 14. 4929-4937. 

3. Zandi, E. , T-N. Tran, W. Chamberlin, and Parker, C. S., (1997). Nuclear entry, 
oligomerization, and DNA binding of the Drosophila Heat Schock Transcription Factor 
are regulated by a unique nuclear localization sequence. Genes and Development 
11(10), 1299-314. 

4. Saatcioglu, F., West, L.B, Zandi, E. , Lopez, G., Lu, H., Esmaili, A., Wagner, R.L., 
Kushner, P. J., Baxter, J.D., and Karin, M. (1997). Mutations in the conserved C-terminal 
sequence in thyroid hormone receptor dissociates hormone-dependent activation from 
interference with AP-1 activity. Mol.Cell .Biol. 17(8), 4687-95. 

5. Aronheim, A., Zandi, E. , Hennemann, H., Elledge, S.J., and Karin, M. (1997). Isolation of 
an AP-1 repressor by a novel method for protein-protein interactions. Mol. Cell. Biol. 
17(6), 3094-102. 

6. DiDonato, JA., Hayakawa, M., Rothwarf, DM., Zandi, E. , and Karin M. (1997). A 
Cytokine responsive IkB kinase that activates transcription factor NF-kB. Nature 388, 
548-554. 

7. Zandi, E. , Rothwarf, D.M., Delhase, M., Hayakawa, M., and Karin, M. (1997). The IkB 
kinase complex (IKK) contains two kinase subunits, IKKa and IKKb, necessary for IkB 
phosphorylation and NF-kB activation. Cell 91. 243-252. 
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8. Uhlik, M., Good, L., Xiao, G., Zandi. E. . Karin, M., and Sun, S-C. (1998). NIK and IKK 
participate in human T-cell leukemia virus I Tax-mediated NF-kB activation. J. Biol. 
Chem. 273. 21125. 

9. Zandi. E .. Yi, C, and M. Karin. (1998). Direct Phosphorylation of IkB by IKKa and IKKb: 
Discrimination Between Free and NF-kB-Bound Substrate. Science 281, 1360-1363. 

10. Rothwarf, D., Zandi. E. . Natoli, G., and M. Karin. (1998). IKKg, an Essential Regulatory 
Subunit of the IkB Kinase Complex. Nature 395, 297-300. 

11. Bhullar, I.S., Li, Y-S., Miao, H., Zandi. E. . Kim, M., Shyy, J., Chien, S. (1998). Fluid 
Shear Stress Activation of IkB Kinase is Integrin-dependent. J. Biol.Chem. 273, 30544- 
30549. 

12. Beth Schomer Miller and E. Zandi .. (2001). Complete Reconstitution of Human IkB 
Kinase Complex in Yeast: Assessment of Stoichiometry and the Role of IKKg on the 
Complex Activity in the Absence of Stimulation. J. Biol. Chem .. 276, 36320-36326. 

13. Salih Sanlioglu, Carl M. Williams 1 2 Guoshun Wang, Paul B. McCray, Jr, Teresa C. 
Ritchie, Ebrahim Zandi . and John F. Engelhardt. (2001). A New Molecular Cascade In 
Sepsis: LPS Induces Rac1 -Dependent Reactive Oxygen Species (ROS) Formation and 
Coordinates TNF-a Secretion Through IKK Regulation of NF-kappa B. J. Biol. Chem, 
276(32):301 88-98. 

14. She H. Xiong S. Lin M. Zandi E . Giulivi C. Tsukamoto H. Iron activates NF-kappaB in 
Kupffer cells. (2002) American Journal of Physiology - Gastrointestinal & Liver 
Physiology . 283(3): G71 9-26. " 

15. Xiong, S., She, H., Takeuchi, H., Han, B., Engelhardt, JF., Barton, CH., Zandi. E .. Giulivi, 
C, and Tsukamoto, H. (2003). Signaling role of intracellular iron in NF-kB activation. vL 
Biol. Chem . 278(20): 1 7646-1 7654. 

16. Wang LC, Yen Okitsu C, Zandi E . TNFa-dependent drug resistance to purine and 
pyrimidine analogues in human colon tumor cells mediated through IKK. J Biol Chem 
2005: 280(4): 2912-23. 

17. Panopoulos A, Harraz M, Engelhardt JF, Zandi E . Iron-mediated H202 production as a 
mechanism for cell type specific inhibition of TNFa-induced, but not IL-1 b-induced 
IKK/NF-kB activation. J Biol Chem 2005: 280(9): 7634-44. 

18. Tanner, S., Shu, H., Frank, A., Wang, L-C, Zandi, E ., Mumby, M., Pevzner, PA., and 
Bafna, V. InsPecT: Identification of post-translationally modified peptides from tandem 
mass spectra. Anal. Chem . 2005, 77, 4626-4639. 

19. Tsur D, Tanner S, Zandi E , Bafna V, Pevzner PA. - Identification of Post-Translational 
Modifications via Blind Search of Mass-Spectra. - Proc IEEE Comput Syst Bioinform 
Conf [2005] :1 57-66 . 

20. Tsur D, Tanner S, Zandi E , Bafna V, Pevzner PA. - Identification of post- 
translational modifications by blind search of mass spectra. - Nat Biotechnol 
[2005] Dec;23(12):1562-7 . 

21. Schomer Miller B, Higashimoto T, Lee YK, Zandi E . - Regulation of IKK complex 
by IKKgamma -dependent phosphorylaiton of the T-loop and C-terminus of 
IKKbeta. - J Biol Chem [ 2006 ] , 281(22), 15268-76. 

22. Higashimoto, T., Panopoulos, A. and Zandi, E . TNFa induces Chromosomal 
Abnormalities Independent of ROS Through IKK, JNK, p38, and Caspase Pathways. 
Cytokine [2006], 34(1-2), 39-50. 

23. Doris Niewolik, Ulrich Pannicke, Haihui Lu, Yunmei Ma, Ling-Chi Vicky Wang, Peter 
Kulesza, Ebrahim Zandi, Michael R. Lieber and Klaus Schwarz. DNA-PKcs Dependence 
of Artemis Endonucleolytic Activity:DifferencesBetween Hairpins and 5' or 3' Overhangs. 
JBC, 2006. 
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24. Peng Z, Peng L, Fan Y, Zandi E . Shertzer HG, Xia Y. - A critical role for IKKbeta in 
metallothionein-1 expression and protection against arsenic toxicity. - J Biol Chem. 
2007. 

25. Wang, L-C, Yen Okitsu, C, Kochounian, H., Rodriguez, A., Hsieh, C-L, and Zandi. E . 
YA simple and inexpensive combination of Frit-fabricated fused silica capillary columns 
with a spray tip column increases capacity and versatility of LC-MS/MS analysis of 
protein mixtures. Proteomics 2008, 8, 1758-1761. 

26. Yasushi Fukaya, Hiroyuki Shimada, Ling-Chi Wang, Ebrahim Zandi , and Yves A. 
DeClerck. Identification of Gal-3 binding protein as a factor secreted by tumor cells that 
stimulates interleukin-6 expression in the bone marrow stroma, J. Biol. Chem., May 
2008; doi:10.1074/jbc.M8031 15200. 



Invited Review Articles : 

1. Karin, M., Liu, ZG, and Zandi, E. (1997). AP-1, Function and Regulation. Curr. Opin. 
Cell Biol. 9(2), 240-6. 

2. Zandi, E ., and Karin, M. (1999). Bridging the Gap: Composition, Regulation, and 
Physiological Function of the IkB Kinase Complex. Mol. Cell. Biol ., 19:4547-4551. 

* Corresponding author. 

Abstracts and Posters: 

Xiong, Y.P., Yen, C.F., Warren, R., Stoehlmacher, J., Pullarkat, S.T., Tsao-Wei, D., Lenz, H.J., 
and Zandi. E . (2000). Elevated Expression of IkB Kinases and thymidylate Synthase in liver 
metastasized colon carcinomas: A possible mechanism for drug resistance. ASCO 2000. 

Beth Schomer Miller and Ebrahim Zandi., (March 2002). Regulation of IkB kinase by IKKg. 
Keystone Symposia, Colorado, NF-kB: Bench to Bedside. 

Beth Schomer Miller and Ebrahim Zandi. ,(2000). Reconstitution of IKK complex in yeast. 3th 
Annual Norris Cancer Center Poster Session. 

Ling-Chi Wang and Ebrahim Zandi. (2004), Cytokine Dependent Drug Resistance in Cancer. 7th 
Annual Norris Cancer Center Poster Session. 

Andreas Panopoulos and Ebrahim Zandi, (2004), Stimulus Dependent and Cell Type Specific 
Inhibition of IKK by L-mimosine. 7th Annual Norris Cancer Center Poster Session. 

Tomoyasu Hlgashimoto and Ebrahim Zandi., (2004), I kappa B kinase beta (IKKb) joins the 
game of polo: Regulation of IKKb by Polo-like Kinase (Plk). 7th Annual Norris Cancer Center 
Poster Session. 

E. Zandi, L-C Wang and C. Yen, TNFa-dependent drug resistance to purine and pyrimidine 
analogues in human colon tumor cells mediated through IKK. 5 th . Annual Salk Institute Meeting 
of Oncogenes& Growth Control. August 12 -August 16, 2005. 

Pierluigi Scalia 1 " 2 *, Sanjay Jayachandran 2 , Ruby M. Mitra 2 , Carmen Urbich 3 , Giuseppe Pandini 4 , 
Ebrahim Zandi 1 * 
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Insulin-like Growth Factor-II dependent regulation of venous endothelial and cancer specific- 
tyrosine Kinase, EphB4: A Novel Autocrine Mechanism dependent on a HOX9-A transcription 

factor motif. Endo 2008, San Francisco. 



Invited Seminars. 

The 4 th Annual Meeting of the Oxygen Society, San Francisco, 1997. 

The IKK Complex, a Cytokine Responsive Kinase Required for NF-kB Activation. 

New York Academy of Sciences, IL-1 Signal Transduction Symposium, Rockefeller University, 
New York, 1998. 

The IKK Complex, a Cytokine Responsive Kinase Responsible for NF-kB Activation. 
Pfizer Central Research, Groton, 1998. 

The Subunits and Regulation of the IkB Kinase Complex (IKK). 

University of Maryland School of Medicine, Department of Physiology, Baltimore, 1998. 
Mechanism of Signal Transduction by IKK Complex. 

St. Jude Children's Research Hospital, Department of Biochemistry, Memphis, 1998. 
Regulation and Composition of IKK Complex. 

American Cancer Society Annual Meeting, California Division, Newport Beach, 1998. 
Purification and Characterization of Subunits of the IkB Kinase Complex. 

University of Virginia, Department of Molecular Microbiology, Charlottesville, 1998. 
Regulation and Composition of the IKK Complex. 

University of Southern California School of Medicine, Dept. of Pathology, Liver Center, 1999. 
Signal Transduction Pathways that Lead to NF-kB Activation. 

Children's Hospital, Los Angeles, 1999. 
Mechanism of Signal Transduction by IKK Complex. 

USC/Norris Comprehensive Cancer Center, Grand Rounds, 1999. 
Mechanism of Signal Transduction by IKK Complex. 

Stop Cancer Third Annual Scientific Symposium, March 2000, Mechanisms of NF-kB 
Regulation in Cancer. 

Bioscope 2000, KSOM, Institute for Genetic Medicine, 2000. 
Academic Research. 

USC/Center for Liver Diseases, 2000, Regulation of mRNA stability by IKK complex. 

USC/Center for Liver Diseases Centers Directors Meeting, KSOM, 2001, Molecular Mechanism 
of IkB Kinase Regulation. 
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USC/Norris Comprehensive Cancer Center, Grand Rounds, 2002, Involvement of IKK in cancer 
and drug resistance. 

PEW Scholars annual meeting, 2002, Reconstitution of IKK Complex in Yeast. 

University of California Davis, School of Medicine, 2003, Molecular Mechanism of Regulation 
and Signal Transduction by IkB Kinase Complex, IKK: Mechanism of Activation, involvement in 
disease & Drug Resistance 

PEW Scholars annual meeting, 2003, Chalk Talk: Reconstitution of Phosphorylation-dependent 
Degradation of human IkBa in Yeast. 

PEW Scholars annual meeting, 2005, TNF-dependent Drug Resistance to anti-metabolites in 
Colon Cancer through IKK. 

Children's Hospital, Los Angeles, 2005. TNF-dependent mechanisms of drug resistance to 
purine and pyrimidine anti-metabolites through IKK complex. 

University of Cincinnati College of Medicine, Center for Environmental Genetics, 2006. 
Iron and ROS-mediated down-regulation of TNF-induced IKK and NF-kB activation. 

National Jewish Medical and Research Center, Denver Colorado, 2006. Molecular regulation of 
IKK complex and its role in drug resistance and DNA damage. 

The University of Iowa, College of Medicine, 2006. Molecular regulation of IKK complex and its 
role in drug resistance and DNA damage. 

The Cleveland Clinic Foundation, The Lerner Research Institute, Department of Cancer Biology, 
2006. Molecular regulation of IKK complex and its role in drug resistance and DNA damage. 

The US Army Medical Research Institute of Infectious Diseases, 2006, Regulation of IkB Kinase 
Complex and its Role in Cytokine-lnduced Drug Resistance and DNA Damage. 

The UCSD Superfund Basic Research Program Annual Meeting, 2006, Cell-Type Specific and 
Differential Regulation of TNFa- and IL-1b-induced activation of IKK by Reactive Oxygen 
Intermediates. 

LAC Harbor-UCLA Medical Center, David Geffen School of Medicine, 2007, Molecular 
Regulation of IkB Kinase, IKK, and its role in TNF-induced drug resistance and 
chromosomal damage. 

City of Hope, Department of Molecular Pharmacology, 2007, Molecular Regulation of IkB 
Kinase, IKK, and its role in TNF-induced drug resistance and chromosomal damage. 



Technology Disclosure and Patents. 

I kappa B Kinase, Subunits Thereof, and Methods of using same, US patent No: 6,689,575, 
granted. 

Gamma Subunit of Cytokine Responsive IkB-Alpha Kinase Complex And Methods Of Using 

Same, US Patent Appln. No: 09/377,795. 
Reconstitution of IkB Kinase in Yeast and the Methods of Using Same. 
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Serial No: 10/079,949, US patent No: US-2003-0054450-A1 . 
An On-column frit-fabrication method for fused silica capillaries, USC filed Dec. 2007. 

Recent Research Symposia attended. 

Oncogenes, Salk institute San Diego, August 2000. 

Annual Symposiums of Research Center for Alcoholic Liver and Pancreatic Diseases, 2000- 
present 

Annual Symposiums USC/Research Center for Alcoholic Liver and Pancreatic Diseases, 2000- 
present 

PEW Scholar annual meeting, March 2002 
PEW Scholar annual meeting, March 2003 
PEW Scholar annual meeting, March 2004 
PEW Scholar annual meeting, March 2005 

The Fourteenth Beckman Symposium, Immune Tolerance: Self Versus Non-self, November 
2004 

5 th annual Salk institute Meeting of Oncogenes & Growth Control, August 2005 
54 th ASMS Conference on Mass Spectrometry and Allied Topics, June 2006 
ASBMB Editorial Board Meeting, April 2007 

Oncology Biomarkers: From Discovery to Validation, San Francisco, January 2008. 



F. Teaching: 
Medical students: 
Microbiology 500-L 

Introductory Medical Microbiology lab for medical students course (1999, 2000, 2001) 
Eight sessions of each 2 hrs. 

Immunology and Microbiology: 

MB-3, Bacteriology 1: Structure/Classification/Replication, 2 hrs, 2001 to present 
MB-31, Bacteriology 8: Introduction to Mycobacteria, 2 hrs, 2001 to present 
D& BR, Immunology 1: Innate immunity 1, and 2, 2 hrs, 2002 to present 



Benchtop Science and Bedside Medicine: 

Drug Induced Liver Disease, April 2005 

Graduate students: 

Recent Advances in Microbiology - MICB 560, spring 2000 

Title of the course: Mechanism of Intracellular Signaling in Malignant transformation and 
Cancer. Fifteen sessions of each 1 hr. 

Eighteen graduate students participated in this course. Scientific papers were presented by 
students followed by the discussion of the subject. 

Interdepartmental 561, Molecular Genetics, 1999 to present 

Transcriptional Control by NF-kB, 
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Research papers for INTD 561, 1999 to present: 

Mentored six students to write a research paper each year. Met with each student at least three 
times for consultation and suggestions for the writing of their research papers. The papers were 
then returned to me for review and grading. Also reviewed two papers from the topics of other 
instructors. For each paper I wrote a short critique. Each student was then interviewed for 30- 
45 minutes. 

Interdepartmental 504, every other year, 2000, 2002 

The Molecular Biology of Cancer, Intracellular Signaling (2 hrs) 

INTD 522 - Infection and Host Responses, Spring 2003, and 2005 to present. 

Introduction to innate immune system I and II (2 hrs) 
T-cell Signaling I and II (2 hrs) 
Introduction to Bacteriology (2 hrs) 

Annual Screening Exam of MM&I Department for graduate students: 1999 to present. 

Prepared one question each year, and graded the answers. 



Service. 

Training, Technical and Conceptual consultation of postdoctoral fellows and graduate students 
for their research projects from laboratories of Drs. Amy Lee, Michael Lieber, Michael Stallcup, 
Henry Sucov, Michael Lai, Jeffery Weber, Neil Kaplowitz, Hide Tsukamoto, Peter Jones, and 
Gerry. Coetzee. 

Served on the Oral Exam or Ph.D. Committees of the following graduate students in the MM&I 
and Biochemistry Departments: Tanja Gruber, Zhenming Xu, Jun Zuo, Eric Dudle, Farrah 
Clemens, Suzanne Peterson, Joshua Kim, Weichang Wu, Yun Mei Ma, Rene Malekian, and 
Haihui Lu. 



Current and past Graduate and Postdoctoral Fellows: 

Postdoctoral Fellows: 

T.D. Reddy, Ph.D. 1999-2000 (Currently at NIH) 

B. Miller, Ph.D. 1999-2003 (Currently with her child at home) 

Kamil Alzayedy March to August 2006 



Graduate Students: 

Yahui Song, 
Young Kang Lee, 
Andreas Panopoulos 
Tomo Higashimoto 
Harold Kochounian 
Ling-Chi Vicky Wang 
Nymph Chan 



1998- 2000 (graduated) 

1999- 2001 (master student, graduated) 
1999-2005 (graduated) 

1999-2006 (graduated) 
2002-2004 
2002-present 
2006 -present 



Rotation graduate students: 

Karen Malone 
Kamile Yusek 
Andreas Panopoulos 
Tomo Higashimoto 
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Harold Kochounian 
Ling-Chi Vicky Wang 
Rasheeda Hawk 
Jessie Hsu 
Stephanie Bond 
Nymph Chan 
Go Watanabe 
Eric Schulze 

Undergraduate students: 

Sophia Chi, 1999-2000 (summer research) 

Erica Yen, 2000 (summer research), completed a short research project and wrote a report. 

Service on scientific review committees; editorial and review activities. 

Member of the committee for the Cancer Scholarship Awards (KSOM) 
Member of Cancer Education Fellowship Committee (KSOM) 

Member of the CHLA Career Development Fellowship Study Section (1999, 2000, 2001, 
2006, 2007) 

Member of Study Section for the Melanoma Research Foundation (national), 2000- 
present. 

Ad-hoc reviewer for the USA-Israel Binational Science Foundation, 2004 

Ad-hoc member for Swiss National Science Foundation, 2002 and 2003 

Reviewer for Wright Foundation (USC), 2000, 2004, 2005, 2006 

Member of the Merit Review Committee (interdepartmental), 2001, 2003, 2005. 

Ad-hoc member for NIDDK to review P30 applications for Digestive Diseases Research 

Core Centers (proteomics cores), May 2007 



G. Service and Administration at USC: 

Member of the HSC Radiation Safety Committee, 1998 - present 

Member of the Medical Student Research Committee, 1999 - present 

Member of the Deans recognition review committee for medical students, 1999 - present 

Member of the PIBS admission committee, 2003 -present 

Member of the Immunology Search Committee for a Faculty Position 

Member of the Hematology and Wound Healing Search Committee for a Faculty Position 

User Committee member of the FACS core facility at KSOM 

User Committee member of the Proteomic and Mass Spectrometry core at school of 
pharmacy 

Member of the search committee for basic science faculty in Endocrinology and 
Diabetes 

Member of the search committee for a Chairman for the Department of Molecular 
Microbiology and Immunology 

University wide initiatives: 

Initiated a university wide survey to show the need for proteomics at USC and establishment of 
a state-of-the-art proteomics facility. The provost office has approved the establishment of the 
core facility and together with Keck school of medicine, school of pharmacy, USC college, 
school of dentistry, and CHLA have agreed to provide funds. 
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APPENDIX B 



Complete Reconstitiition of Human IkE Kinase (IKK) Complex 
in Yeast 

1 n <> ] > t lu I h> \ND THE ROLE OF IKKy ON THE COMPLEX ACTIVITY IN THE 

ABSENCE OF STIMULATION* 

Received for publication. Mav 4, 2001, and in revised form, July 18, 2001 
Published, JBC Papers in Press fuiy 24 - 0. DO! 10.107451 Vii04051200 
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The IkB kinase (IKK) complex, composed of two cata- 
lytic subunits (IKKa and IKK/?) and a regulatory subunit 
(IKKy), is the key enzyme in activation of nuclear factor 
kB (NF-kB), To study the mechanism and structure of 
the complex, we wanted to recombinantly express IKK 
in a model organism that lacks IKK For this purpose, we 
have recombinantly reconstituted all three subunits to- 
gether in yeast and have found that it is biochemically 
similar to IKK isolated from human cells. We show that 
there is one regulatory subunit per kinase subunit. 
Thus, the core subunit composition of IKKw0-y complex 
is ctj/Sjyj,, and the core subunit composition of IKK0y is 
0ay 8 . The activity of the IKK complex (a+0+y or 0+y) 
expressed in yeast (which lack NF-kB and IKK) is 4-5- 
fold higher than an equivalent amount of IKK from non- 
stimulated HeLa cells. In the absence of IKKy, EKK0 
shows a level of activity similar to that of IKK from 
nonstimulated HeLa cells. Thus, IKKy activates IKK 
complex in the absence of upstream stimuli. Deleting 
the y binding domain of IKK0 or IKKa prevented IKKy 
induced activation of IKK complex in yeast, but it did 
not prevent the incorporation of IKKy into IKK and 
large complex formation. The possibility of IKK complex 
being under negative control in mammalian cells is 



Nuclear factor kB (NF-kB) 1 comprises \ family of dimeric 
transcription factors that regulate the expression of over 1 
£ 11 d u 11 i i i j t t j i 

1 i > i 1 1 A t I 

so as to prevent inappropriate inflammation while allowing a 
rapid response to infection or stress. In unstimulated cells, 
NP-kB is found predominantly in the cytoplasm in a complex 
with L'cfi prof, m- i.i f.iimiv o: :ahjhu<a'7 .a;. .nut- i.aehidnic 
[kB«, IkB0, iKBy, IkB« md B ' w ic in \ NF kB m 
in-n re r n-h 0 )iv, r c : aim: 
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including cytokines, bacterial and viral products, oxidants, and 
i ygc ! j i pliers n of two regulatory serine res- 

1 - i \ i i t 1 :■ 1 f l pi villi qu t 0 ItlOil Hid J J 

teolytic degradation. This frees NF-kB to move to the nucleus, 
where it binds to and stimulates the transcription of target 

Tins lli is catalyzed ay a large kinase complex, 
\ l ihi c n'<.n S 10 iXiii ; ,viii -d ot tw, . homologous 
kinase subunits, IKKa and IKK/3 (85 and 87 kDa, respectively) 
and a 52-kDa regulatory subunit IKKy (8, 10, 11), also called 
NEMO (NF-kB essential modulator) (12). IKKy is required for 
activation of IKK in response to TNF and other stimuli (13). 
IKKa and IKK0 each contain an N-terminal protein kinase 
domain (contaii ng non I mil i-acti t d protein ki- 
nase kinase activation loop (9)), a leucine zipper, and a helix- 
loop-helix mc catalytic sub- 



iti ' ' t i i j i ' ith the kinase domain is 
involved in IKK activation (14, 15) Studies of recombinant 
IKKa and IKK (3 in insect ceils indicate that the catalytic sub- 
units are capable of forming both bomodimers and het- 
i U J , 

Despite the high degree of sequence similarity between IKKa 
and IKK/3 (o2 f ei.dli hit ( i t it t m the kinase 
domains (10)), the two proteins differ. Whereas IKK0 is essen- 
tial for induction of NF-kB by c> tokiri.es, IKKa is essential for 
lai.f di-aliipi/i.l a. i b a 1 .b : . , i r , ai ' 1 a I S) Meieovel, 
\ v 1 1 1 i I EkBo 

than IKKa (19), Other homologs of IKKa and IKK0 have been 
isolated, including TBK1/NAK (20, 21) and IKKi/IKKe (22, 23). 

^i i ■> f -i r i i v i K i nil*, toi u 

700-900-kDa complex containing IKKa, IKK/3, and IKKy, but 
some IKK also chutes at 230 kDa (6, 8). The stoichiorrietry of 
IKK subunits in the large complex is still not known. The 
230-kDa complex appears to be tinners containing only IKKa- 
and TKK0, because IKKa and IKK/3 expressed in insect cells 
and purified to homogeneity elute at 230 kDa (11) and because, 
in IKKy-deficient cells, IKKa and IKK/3 elute at this size (12). 
The large IKK complex contains a roughly stoichiometric 
amount of IKKa and IKK/3 and an unknown amount of IKKy 
(6, 8, 13). 

IKKy is required for the stimulation of IKK activity by up- 
stream signals such as TNF, Tax, ^polysaccharide, phorboi 
12-myristate 13-acetate, and interieukin 1 (12, 13). An a-heh- 
cal region toward the N terminus of IKKy interacts with six 
amino acids at the very C terminus of IKKa and IKK/3 (24); 
interfering with this interaction by means of a peptid e inhibitor 
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system in Si9 cells has been successfully used to recoiisti 
catalytic subunits (11, 19). However, a complete reconstitu 
has not been shown in SfS cells and is not practical due tc 
complications associated with multiple viral infection in 
cells. Mechanistic analysis is also complicated in Si 9 and m 
malian cells by tl e 

expressed mutated forms of IKK are directed into heteroi 
plexes containing endogenous proteins (II). Recent deve 
nient of IKK knockout ceil hues partially resolves tins prob 
but there are also newly discovered IKK homologs thai 
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Extracts froi i i t f i i i i 

man IKK/3 or IKKa-/3-y or mutant IKKftjA-y were fractionated 
on a Superoy i b i I ul i i i 1 x f o - 
GST-IkBo^ was assessed in each fraction. As shown in Fig. 
LB, IKK/3 (alone) produced in yeast runs at 153-300 kDa; tins 
is the same size as dimers of IKK/3 (without IKK 7) from mam- 
malian or Sf'9 cells (11). The predominant peak of IKK from 
TNF-stimulated HeLa cells elates at about 900 kDa. TKKa-fi-y 
produced in jf , t product two p: iks ore tin izt of tilt fui i 
IKK complex from human ceils and the other around 158-300 
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FiG. i. Reconstitution of human IKK complex in yeast. S. cerevi- 
sine \n eft- transformed whh oioMoiri... ro:iiai:>i'ifr I he gooes for I !A-IKK«, 
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Similarly, when IKKu-S-y was partially purified by get filtra- 
tion and analyzed by Western us 11 1 
ratio of IKK(a+/3) to IKKy was 1:1. We attempted to use the 
HA immunobiot to quantify the ratio of IKKa to IKK/3, but 
unfortunately . * 

large 7.5% SDS-PAGE gel (Fig 2B). It was previously shown 
(by Coomassie Blue staining) that the IKK complex contains 
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roughly equal amounts of IKKa arid IKK/3 (13). Therefore, the 
core subunit composition of IKKa-S-y coxnpiex is a^fa, and 
the core svibumt composition of 1 KK8-y is /3,y 2 . 
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expressed in n n naif pre- 

cipitation/kinase assay; the results (Fig. 3G) indicate tliat the 
enzyme expressed in Sf9 cells is over twice as active as the 
fn/vtn. ,wi ,ed tiw.i,! 

Role of IKKy and y Binding Domain in IKK Activity— To 
farther explore the role of IKKy on the activity of IKK, we 
generated EKK' id ! K j 1 <} "i^fce -yBD at the 

( in n 1 ' - 1 1 v " 1 toinni.fi 

alone and along with Kb v 

1 S-v vv it h these 1 uitants was 

assessed by immunoprecipitation and by gel filtration. As pre- 
1 u i \ 1 I 1 1 * 1 ! 1 I a 

< i < ] 1 the 

nit kl I t -c 3 KK8 as assessed by immu- 

noprecipitation (data not shown). However, the interaction of 
IKKy with IKK8 AyBD or with IKKo A . /BD + IKK8 AyBD was not 
entirely abolished as assessed by gel filtration. As shown in 
Fig. 4A, IKK8 AyBD expressed alone elutes from the Superose 6 
gel filtration column at 158-300 kDa (the same as wild-type 
IKK8). However, when co-expressed with IKKy in the yeast, 
some of the IKK8 AyBD forms a complex with IKKy and elutes as 
a hnJi molecular weicht complex. Similarly, some of the 
IKKff AyBD +IKK0 AyBD forms a >700-kDa complex with IKKy. 



Whereas wild-type IKKB-y and wild-type IKKa-8-y elute predom- 
inantly in fractions 10 and 11(- 900 kDai, tbe iKKa 4vBD »P ArBD "y 
and3KK8 A)! y complex 1 d ninan v m fractions 11 

and 12. suggesting that the size or shape of the complex may be 
slightly different from wild-type IKK. 

To investigate the role of the yBD in IKK activity, we com- 
pare I e i 1 1 it forms to li g 
wild-types (Pig. 4B). IKK0 AyBD alone had a level of activity 
similar to that of IKK/3 wild-type, and as shown previously, the 

V of [KKi 1 wi, mi .1 1 1 that with 1Kb; 

We looked at two gel filtration fractions from the IKK,3 AvBD -y 
xt ti 1 1 I ■> K 1 { witl 

IKKy, and fraction .14, v was d flKKy Fractioi 

indicating thai 
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had a level of activity that, was similar to that of wild-type 
IKKp and that of IKKp., . ; . alone. 

Similar effects were observed when we compared the activity 
of IKKa-6-y wild-type to IKKa A7B[ yi3 i7BD -y. Association of IKKy 
with the IK.\ 

1 le fire^ence of 

the yBD is needed for IKKy to allow IKK to self-activate even in 
the absence ot upstream signaling. This may suggest that this 
interaction is inhibited 111 resting mamiu.ali.aii celts. 

Finally, we wanted to investigate whether we could activate 
iKK/3 by the addition of purified IKKy 111 vitro. IKKp (partially 
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! min on ice before assessment of IKK activi 
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self-activation. 
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Previous research indicated thai S\ re/re'!;. s/o< 
activity (28), arid this report indicates that yeast c 
IKK subunits a c i > <ffi i ' V- ► Urn blot and also lack the 
ability to phospho ryl at tin l gulalory er;n on I;;Bo Recou- 
nt ion < ^ \ i i i i „ j t i u < i 

1 1 i i i i j i i i 

quantity of nativ. complex foi structural « d mechanistic stud- 
ies. Similar to mammalian and insect cells, IKK catalytic sub- 
units expressed alone n yeast foi i ivel small 158-300- 
kDa complex itaiviic si t 

with IKKy elute at 9( kDa uj imiicah * it tin K 
i n i 'I'u 1 i t t j ! , j i 

additional pio i i ! i i it • : I !it\ta„ot 

t i< i i 1 ii i i 1 i i i 1 

11- 11 f vK a i l ] o vK jo 

core subunit composition ofIKK«-£-y is «, ffi ye,. Both IKKa and 
IK Kg- 7 recou ffi tated in yeast had a n u h cv - 1 level of kinase 
activity toward GST-IkBq! 1 _ B4 than IKKa-j3-y when adjusted for 
equal amounts of IKK«. Tins was a predicted result because it 
was previously shown that IK-\ vi kinase for 

IkBq than IKKa (19). 

The activity of reconstituted HSRa-fry was higher than an 
equivalent amount of IKK from nonstimulated HeLa cells but 
lower than an equivalent amount of IKK from TNF-simulated 
HeLa cells. In mammalian cells, IKK is regulated by phospho- 
rylation and dephosphorylaiion, but the exact mechanisms of 
regulation are still not known. IKK activity is inhibited by 
PP2A in viP i ! h <■ fo pao<= 

phorylation (8). Phosphorylation of two sites in the activation 

> i 1 <, V i ) 1 i it! 

stimulation with TNF or interleukin 1, although the kinase 
responsible is unknown (14). Putative upstream kinases of IKK 
include NF-k-B-mducmg kinasf 2 j 1 i ge kinase (30), 

O v J „ 1 ) ' 1 1 ] ! I 

nase (31). There is also evidence to suggest thai the phospho- 
rylation of T-loop residues may occur through autophosphoryl- 
atieu ifffi. indicating' that IKK • ■ :■ •-.-elf-act ivaie. The partial 
i-tivitian ei IKK v. cm tdnu 1 m y. :si could !„ . \ f .Lm,. d if 
yeast contains a true IKK activator (such as an upstream 

L U M 'lit I M i tlx] I 1 

that is only partially :etivt under conditions in which th IKK 
w.i , h< u \ un • b . ;! i - r r , v 

> i i i v; true IKK t fai < 

ble of activating IKK. 

On the other hand, it is possible that the partial activity of 
1Kb i t i i 1 1 -v ii 

ju t i - i \ i v i ] i i ! i > i u_ 

i i i j i n 3 t\ j 

hi mammalian ceils. Tins negative regulation may occur 
through regulation of IKKa-jS interaction with IKKy (see be- 
low). IKK reconstituted in yeast will provide a useful system for 
analyzing putative positive and nee tr rei dators of IKK. 

The yeast reconstitution system was used to assess the role 
of IKKy on IKK activity and to assess the importance of the 
yBDs found in IKK/3 and IKKa. IKKj3 expressed in yeast in the 
absence oflKK-y had much lower IKK activity than IKK£)-v or 
IKKa-B-y. There i e t\ en ive re ons for lower kinase 
activity in the absence of IKKv First, it is possible that IKKy 



yeaot to activate th< \ i • ' ^ , 

activated). Second, it is also possible that IKK needs to form a 
large complex in order to autophosphorylaie and self-activate 
and does so through IKKy. Tile iact '\ vm i 
IKKo: A7BD -fi ivB :,-y formed large but inactive complexes indi- 
cates that IKKy interacts with different regions of IKKa and 
iKrffi to 1 ] complex togethe-r. and the in; enaction or \ v 
with the yBD of IKKa ana IKK/3 is a dynamic interaction 
required for ictivation The yeast data mgges; that tin; dy- 
i i i i i i ^ lint Li it 

cells. In addition, the 4-5-fold higher activity from TNPa- 
stimulated cells over IKK expressed in yeast suggests that 
interaction of IKKy with the C terminus of IKKa and IKK/3, 
although required for activation, is no; sufficient tor full acti- 
vation of IKK. Tins in turn suggests that IKK may be regulated 
i i 1 i 1 i te i u i ii meil mi m 

would provide IKK with the regulatory potential, e.g. being 
i 1 i 1 i n j i i k i i to i cud it ihc 

great diversity of NF-kB inducers. 

The yeast reconstitution system will provide a useful tool for 
i i i i 1 ib 1 KK am u 

IKK expressed in yeast can be used for clean mechanistic 
analysis because there is no background of endogenous IKK 
[ii it . lili id "ihti'i ,in' 

] i ji i 1 1 v pt i e< a d uid i ,cbih d, it 

is simple to test whether a single molecule or subcellular frac- 
tion changes i he act]-' ity of tie enzyme Finally, it can be used 
to study the structure and composition of tb- IKK complexes. 
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Summary 

The death domain kinase RIP and the TNF receptor- 
associated factor 2 (TRAF2) ant essential effectors In 
TNF signaling. To understand the mechanism by which 
RIP and TRAF2 regulate TNF-inducod activation of the 
transcription factor NF-kB, we Investigated their re- 
spective roles in TNF-R1 -mediated IKK activation us- 
ing both RIP-'" and TRAF2"'" fibroblasts, We found 
that TNF-RI-mediated IKK activation requires both 
RIP and TRAF2 proteins. Although TRAF2 or RIP can 
be independentJy recruited to the TNF-R1 complex, 
neither one of them alone is capable of transducing 
the TNF signal that leads to IKK activation. Moreover, 
we demonstrated that IKK Is recruited to the TNF-R1 
complex through TRAFZ upon TNF treatment and that 
IKK activation requires the presence of RIP In the same 

The proinflammatory cytokine tumor necrosis factor 
(TNF] plays an important role in diverse cellular events 
such as septic shock, Induction of other cytokines, cell 
proliferation, differentiation, and apoptosis (Tartaglla 
and Goeddel, 1992; Rothe et al., 1992; Tracey and Cer- 
ami, 1993). Many of these TNF-induced processes can 
be mediated by either one of the two TNF receptors, 
TNF-Ri and TNF-R2, both of which belong to the TNF 
receptor superfamlly (Smith et al., 1994; Nagata and 
Golsteln, 1995). In response to TNF treatment, the tran- 
scription factor NF-kB and c-Jun N-termtnal kinase 
(JNK) are activated In most types of cells and, in some 
cases, apoptosis can also be induced (Brenner et al., 
1989; Derijard et al., 1994). However, induction of apo- 
ptosis is achieved malnty through TNF-RI , which Is also 
known as a death receptor (Vandenabeale et al., 1995; 
Nagata, 1997; Ashkenaii and Dixit, 1998). Activation of 
the NF-kB and JNK pathways plays an Important role m 
the Induction of many cytokines and immunoregulatory 
proteins and Is pivotal for many Inflammatory responses 
(Siebenlist et al., 1994; Baeuerle and Baltimore, 1996; 
Karln et al., 1997). 

'To whom correspond ones should be sddrsssad (e-mail: zgllu* 
helix.n8i.gov). 



The molecular mechanisms that regulate TNF-medi- 
ated responses have been Intensively studied In recent 
years; For TNF-RI signaling, It Is known that the binding 
of TNF to TNF-RI leads to the recruitment of TRADD 
(TNF-R1 -associated death domain protein) into the re- 
ceptor complex (Hsu et al., 1 995). TRADD subsequently 
recruits other effector proteins into the complex. FADD/ 
MORT1 (FAS-assoclated death domain protein), TRAF2 
(TNFR-assoclated factor Z), and the death domain ki- 
nase RIP (receptor Interacting protein) not only are re- 
cruited but also have been shown to interact directly 
with TRADD (Rothe et al., 1 994, 1 995; Boldin et al„ 1 995; 
Chlnnalyan et al., 1995; Hsu et al., 1995. 1998a, 1996b; 
Stanger at al., 1995), White FADD/M0RT1 Is essential 
for TNF-induced apoptosis, RIP and TRAF2 seem to be 
involved in both NF-kB and JNK activation (Liu et al., 
1996; Ting at al., 1996; Lee, S.Y. et al.. 1997; Natoli et 
al., 1997; Relnhard et al., 1997; Yen et al., 1997; Kelllher 
et al., 1998; Zhang et al., 1998). There Is also cross- 
regulation between these distinct pathways. For In- 
stance, RIP Is cleaved by Caspase-8 during apoptosis 
and this cleavage plays a rote In regulating the balance 
between life and death In response to TNF (Un et al„ 
1999). On the other hand, the occupancy of TNF-R2 by 
TNF leads to the recruitment of TRAF1 and TRAF2 as 
well as clAPI and clAP2 (Rothe et al., 1994, 1995). How- 
ever, It Is less clear how these molecules correlate to 
transduce the diverse TNF signals through TNF-R2. Re- 
cently, the Indispensable role of RIP In TNF-induced NF- 
kB activation was suggested by generating RlP-defi- 
ctent Jurkat ceHs and RIP- 1 - mice (Ting at al, 1996; 
Kelllher et a)., 1 996). In contrast, the study with TRAF2"' - 
celts indicated that TRAF2 is essential for TNF-induced 
JNK activation, and TNF-induced NF-kB activation Is 
Just delayed and slightly reduced In those cells (Yen et 
al., 1997), 

Downstream to these effector molecules, the activa- 
tion of NF-kB and JNK In response to TNF Is regulated 
by distinct pathways. While NF-kB Is activated through 
IKK and MAP3K, NIK, or MEKK1 (Chen el al., 1996; Lee, 
S.Y. et al., 1997; Malinin et al„ 1997), JNK activity Is 
regulated by JNKK1/MKK4 and MEKK1 (Derijard et al., 
1995; Karin, 1995; Lin et al., 1995; Uu et al., 1996; Natoli 
et al., 1997). Inactive NF-kB is sequestered In the cyto- 
plasm through Its Interaction with the inhibitory proteins, 
known as IkBs (Siebenlist et al., 1994; Baeuerle and 
Baltimore, 1996). In response to various stimuli, IkBs 
are phosphorylated by IKK at serines 32 and 36 and are 
rapidly degraded by the proteasome after potyubiquiun- 
ation, The degradation of IkBs results In the release of 
NF-kB and allows its translocation into the nucleus and 
the subsequent activation of its target genes (Baeuerle 
and Baltimore, 1996). IKK is composed of three subuntts: 
IKKo, IKKB, and IKKy/NEMO (DiDonato et al„ 1997; 
Mercuric et al., 1997; Regnier et al., 1997; Woronicz et 
al., 1997; Zandl et al., 1997; Rothwarf et al., 1998; Ya- 
maoka et al., 1998; Hu et al., 1999; LI et al., 1999). Both 
IKKa and IKKB are catalytic subuntts while IKKy Is a 
regulatory subuntt. 

in order to understand the mechanism of TNF-induced 
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IKK activation, we Investigated the rote of RIP and both RIP and TRAFZ are required for IKK activation 
TRAF2 In TNF-R1-mediated IKK activation in wild-type, through TNF-R1. Although RIP or TRAF2 can be re- 
RIP-'-, and TRAFZ"'" fibroblast cells. We found that cruited to the TNF-R1 complex Independently of one 
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another, the recruitment of either one of them alone Is 
not sufficient to activate IKK. Importantly, we demon- 
strated that IKK Is recruited to the TNF-R1 complex In 
response to TNF treatment and that TRAF2 plays an 
essential role In IKK recruitment. Furthermore, RIP, 
which is not necessary for IKK recruitment, mediates 
IKK activation. 

Results 

Both RIP and TRAFZ Are Required 
for TNF-R1 -Mediated IKK Activation 
Previous studies have shown that TNF-induced NF-kB 
activation Is abolished In RlP-deflclent Jurkat cells and 
RIP-'- cells fTIng et al., 1996; Kelllher et al., 1998) and 
Is Just delayed and slightly reduced in TRAF2"'- ceils 
(Yen et al„ 1997). Because IKK activation Is essential 
for TNF-lnduced NF-kB activation, we measured IKK 
activation following TNF treatment in wild-type (wt), 
RIP-'-, and TRAF2"'" fibroblast ceil lines by performing 
an In vitro kinase assay with GST-IkB (1-54) as a sub- 
strate (DIDonato et al.. 1997). In these experiments, 
mouse TNFa (mTNFa) was used to treat the cells be- 
cause It binds to both TNF-R1 and TNF-R2 (Lewis et al., 
1991). As shown in Figure 1A, top panel, IKK is quickly 
activated In wt fibroblast cells in response to TNF treat- 
ment and Its activation Is decreased after 15 min of 
treatment. In contrast, IKK activation is almost com- 
pletely abolished in RIP"'" cells and dramatically re- 
duced In TRAF2"'- cells, although the IKK expression 
levels in these two cell lines are similar to that of wt 
cells (Figure 1A). As IKK is responsible for Ik B phosphor- 
ylation, which Is a crucial step for TNF-induced IkB deg- 
radation, we tested IkB degradation following TNF treat- 
ment in these cells by Western blotting. Consistent with 
the levels of IKK activation in those cell lines, TNF- 
lnduced IkB degradation is also altered: white IkB Is 
rapidly degraded In wt cells after TNF treatment, no or 
only partial IkB degradation was detected in RIP"'" and 
TRAF2-'" cells, respectively (Figure 1A, bottom partef). 
Since IkB expression is regulated by NF-kB (Baeuerle 
and Baltimore, 1 996) and the reduced IkB level following 
TNF engagement returned to the one of nontreated cells 
by 60 mln after treatment (Figure 1A, bottom panel), 
the partial l*B degradation seemed to be sufficient to 
activate NF-KBin TRAF2"'" ceils. IKK protein levels were 
also determined by Western blotting in these experi- 
ments as a control. The protein expression levels of RIP, 
TRAF2, TRADD, TNF-R1, and TNF-R2 in wt, RIP"'", and 
TRAF2"' - cells were measured by Western blotting. As 
shown in Figure 1 B, trie expression level of each protein, 
when present, Is similar In each of the three cell lines. 

Mouse TNF binds to both TNF-R1 and TNF-R2, and 
these two receptors elicit certain overlapping responses. 
In order to investigate the requirement of RIP and TRAF2 
In TNF-RI-mediated IKK activation, IKK activation was 



th 40 ng mouse TNF for 5 min. HA-lKKp content 
was quantified by Western blotting with antl-HA antibody, and call 
extracts were then Immunopreclphated wtth anti-HA antibody to 
perform a kinase assay or resolved on SOS-PAGE for Western blot- 
ting with enti-RIP or anti-TRAF2 antibody. 
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determined in these fibroblast coll lines following human 
TNFa (hTNFa) treatment, which only binds to TNF-R1 
(Lewis et al., 1 991), As shown In Figure 1C, IKK activation 
is slightly decreased in wt cells treated with hTNFa when 
compared to mTNFa treatment, Indicating a minor con- 
tribution of TNF-R2 in IKK activation, A similar observa- 
tion was also made with TRAF2"'" cells although the 
m TNF-induced IKK activation is already impaired. As 
shown In Figure 1C, IKK activation Is barely detected In 
TRAFZ cells after hTNF treatment. In RIP"'- cells, no 
difference in the marginal IKK activation was detected 
after either mTNF or hTNF treatment (Figure 1C). More- 
over, IKK activation in response to IL-1 treatment is 
normal in both RIP"'- and TRAF2~'" cells compared to 
wt cells, as shown in Figure ID, which indicates that 
this protein is activated normally in response to other 
stimuli In those cells. Taken together, these results sug- 
gested that both RIP and TRAF2 are essential for TNF- 
Induced IKK activation via TNF-R1. 

To rule out the possibility that some defects In the 
TNF-R1-medlated IKK activation pathway are present 
in RIP-'" or TRAF2-'" cells, we tested whether TNF-R1- 
mediated IKK activation could be reconstituted In these 
cells. To do so, we ectoplcally expressed Myc-RIP and 
Flag-TRAF2 in RIP"'" and TRAF2"'" cells, respectively, 
and treated the transfected cells with hTNF. Transfected 
wt cells were used as a control. As shown in Figure 2A, 
top panel, RIP expression is able to restore the IKK 
activation in response to hTNF treatment in RIP - '" cells. 
The expression levels of IKK and Myc-RIP were also 
measured by Western blotting (Figure 2A, middle and 
bottom panels). In these experiments, the endogenous 
IKK was Immunoprecipitated for in vitro kinase assays. 
Because only a certain percentage of cells was trans- 
fected with Myc-RIP, hTNF-induced IKK activation was 
partially reconstituted in those RIP - ' - cells. Thus, tower 
IKK activation was detected in reconstituted RfP~'~ celis 
compared to wt celis, which contain an endogenous 
RIP protein, although simitar amounts of IKK were used 
in each kinase assay (Figure 2A, top and middle panels). 
Similarly, the ectopic-expresslon of Flag-TRAF2 also re- 
stored hTNF-induced IKK activation in TRAF2 - ' - cells 
(Figure 2B, top panel). The IKK and Flag-TRAF2 expres- 
sion levels in these experiments were shown in Figure 
2B, middle and bottom panels. To further confirm the 
results of these reconstitution experiments, either Myc- 
RIP or Flag-TRAF2 was cotransfected with HA-IKKfJ into 
RIP"'" or TRAF2"'- cells, respectively. Then, the trans- 
fected HA-IKKp was immunoprecipitated lor in vitro ki- 
nase assay in order to examine the reconstitution of 
TNF-induced IKK activation. As shown in Figure 2C, 
these experiments with transfected IKK0 veriried the 
results obtained from measuring the endogenous IKK 
activity. Taken together, these reconstitution experi- 
ments further supported that the failure of IKK activation 
in response to TNF treatment In RIP-'- or TRAF2"' - cells 
is due to the absence ol RIP or TRAF2. 

IKK Is Recruited to the TNF-R1 Complex 
through TRAFZ 

In order to transduce TNF signals, both RIP and TRAF2 
need to be recruited to the TNF-R1 complex by TRADD 
(Hsu et al„ 1996a, 1996b). Because RIP and TRAF2 can 



bind to each other (Hsu et a!„ 1996b), it is not clear 
whether the interaction between RIP and TRAF2 is re- 
quired for their recruitment to the TNF-R1 complex. To 
address this question, we tested whether RIP and 
TRAF2 can be recruited to the TNF-R1 complex Inde- 
pendently of one another. In these experiments, TNF- 
R1 from either untreated or TNF-treated wt, RIP"' - , and 
TRAF2"'" fibroblasts was Immunoprecipitated, and 
Western blotting was performed sequentially with anti- 
RIP, anti-TRAF2, and ami- TRADD antibodies. Consis- 
tent with previous reports (Shu et al., 1996; Lin et al., 
1999). TNF treatment induces TRADD, RIP, and TRAF2 
recruitment to the TNF-R1 complex in wt cells (Figure 
3A). Nontreated fibroblasts were used as a negative 
control, Indicating none of these proteins were pulled 
down nonspecifically by the antl-TNF-R1 antibody. As 
shown in Figure 3A, TNF-induced recruitment ol RIP 
and TRAF2 were also detected In TRAF2~'~ and RIP"'" 
celis, respectively. These results suggested that RIP 
and TRAF2 are recruited independently of one another. 
Because IKK could not be activated through TNF-R1 In 
the absence of RIP or TRAF2 (Figure 1), these results 
demonstrated that RIP or TRAF2 recruitment to TNF- 
R1 is not sufficient to activate IKK. Unexpectedly, a 
significant increased amount of TRADD and TRAF2 was 
recruited to TNF-R1 upon TNF treatment in RIP""'" ceils 
(Figure 3A). Since the expression levels of these two 
proteins and TNF-R1 In RIP"'" cells are similar to those 
In wt cells (Figures 1 B and 3 A), this observation indicated 
that RIP might compete with TRADD tor binding to TNF- 
R1 In response to TNF treatment in wt ceils. In TRAF2"'" 
cells, both RIP and TRADD are recruited to TNF-R1 upon 
TNF treatment in a fashion comparable to the one seen 
in wt cells. 

However, the accuracy of these results relies upon 
the amount of TNF-R1 pulled down from each sample. 
Because the size of the TNF-R1 is about the same as 
the size of the antibody heavy chain, ft Is Impossible to 
examine the precipitation of TNF-R1 by probing the 
same blot with anti-TNF-RI antibody To check the pre- 
cipitation of TNF-R1, we crossed-linked the anti-TNF- 
RI antibody to protein A-Sepharose beads with dimethyl 
pimelimidate (DMP) and then performed immunoprecip- 
itation experiments again. As shown in Figure 3B, top 
panel, DMP efficiently linked the antibody to protein A 
beads, and no antibody was released from beads after 
boiling, Similar amount of TNF-R1, about 10% of input, 
was precipitated from each sample (Figure 3B, middle 
panel). The same blot was also probed with antl-TRADD 
antibody, and as shown In Figure 3B, bottom panel, the 
results of TRADD coprecipitation was similar to those 
In Figure 3A. 

To be sure that the increased recruitment of TRADD 
and TRAFZ upon TNF treatment in RIP"'* cells is Indeed 
due to RIP deletion and Is not a peculiar feature of the 
RIP"'" fibroblasts, we performed the same experiment 
In wt and RlP-deficient Jurkat cells. As shown In Figure 
3C, results similar to those described above were ob- 
tained In these Jurkat cells: an increased amount of 
TRADD and TRAF2 Bre present in the TNF-R1 complex in 
RlP-deficient Jurkat cells after TNF engagement. These 
results indicated that the presence of RIP minimized the 
recruitment of TRADD to the TNF-R1 complex. 

In response to TNF, It is thought that the recruitment 
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of TRAF2 and RIP would result In the activation of an 
IKK kinase such as NIK or MEKK1, which In turn would 
activate IKK (Mallnln et al„ 1997; Mercurk) et al„ 1997; 
Regnier et al„ 1997). However, since IKK activation can 
be detected within a minute after TNF treatment (DIDo- 
nato et al., 1997), it is possible that such a quick re- 
sponse Is achieved by the recruitment of IKK to the TNF- 
R1 complex. To test this hypothesis, using anti-IKKa 
and antl-IKKp antibodies, we performed Western blot- 
ting with the same blots generated in the experiments 
shown in Figure 3. We found that IKKa and IKKp were 
coimmunoprecipltated with TNF-R1 upon TNF treat- 
ment In wt cells (Figure 4A, lanes 1 and 2). IKKa and 
IKKp were not detected In the TNF-R1 complex in 
TRAF2"'- cells (Figure 4A, lanes 5 and 6). Surprisingly, 
In RIP~'- ceils, IKKa and IKKp were also recruited to 
the TNF-R1 complex after TNF treatment (Figure 4A, 
lanes 3 and 4). The IKK expression levels in these three 
cell lines are similar (Figure 4A, lanes 7, 8, and 9). These 
results suggested that IKK fs recruited to the TNF-R1 
complex in response to TNF treatment, and Its recruit- 
ment requires TRAF2. Identical results were obtained 
when probing the blot or Figure 3C: IKKa and IKKp were 
detected in TNF-R1 complexes immunopreclpitated 
from wt and RIP-deflcient Jurkat cells (Figure 4B and 
data not shown). 

To further confirm this observation, we performed 
Western blotting with the antl-IKKa and antl-IKKp anti- 
bodies after immunoprecipitatlon experiments with an 
anti-TRAF2 antibody in wt and RIP-deficient Jurkat cefls. 
As shown in Figure 4C, left side, top and middle panels, 
both IKKa and IKKp were colmmunoprecipltated by the 
8MI-TRAF2 antibody after TNF treatment in both wt and 
RIP-deficient Jurkat cells. Small amounts of IKKo and 
IKKp were also detected in the immunoprecipitants from 
rtontreated wt and RIP-deficient Jurkat ceils Figure 4C, 
left side, top and middle panels). This interaction is not 
due to a cross-reaction of the antl-TRAF2 antibody with 
IKK, since no IKK was detected in the immunoprec pf 
tant generated with the same anti-TRAF2 antibody from 
TRAF2"'- cells (data not shown). RIP was also coimmu- 
noprecipitated with TRAF2 in TNF-treated Jurkat cells 
but not in nontreated wt Jurkat cells (Figure 4C, left side, 
bottom panel). As stressed for the TNF-R1 Immunopre- 
donation, the accuracy of these results relies upon the 
amount of TRAF2 pulled down In the different condi- 
tions. Because the size or TRAF2 is close to the site of 
the antibody heavy chain, it is difficult to detect TRAF2 
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Figure 4. IKK Is Recruited to TNF-R1 by TRAFJ upon TNF Treatment 

(A) IKK recruitment In wt, HIP"'-, and TRAF2 ' cells. The Western blot from Figure 3A was probed with anti-IKKa end anti-IKKB antibodies 



and RlP-deficient Jurtat cells. The Western blot from Figure 3C was probed with anti-IKKa antibody. 

(C) IKK is coimmunoprecipitated with TRAF2. CeU extracts were prepared from wt and RIP-deflclent Jurkat cells either treated (100 rtg/rm 
human TNF) or untreated. After normaluatton of the protein content according to the protein assay, ceil extracts were ImmunoprtclptatBd 
with onti-TRAF2 antibody overnighL Left panel shows immunopracipttates as well as 1% of the cell oxl/acts were resolved by SOS-PAGE, 
and Western blotting wes performed with sntl-IKKa (top), enil-IKKf) (middle), and entl-RIP (bottom) antibodies sequentially. Right panel. In 
order to determine the relative amount of TRAFZ pulled down, TRAF2 antibody was coupled to the protein A beads as described m the 

well as 1% of the cell extracts were resolved by SDS-PAGE, and Western blotting was performed with anti-TRAFZ. 

(D) IKKf/NEMO is recruited to the TNF-R1 complex. Cell extracts were prepared from wt fibroblasts either treated with 40 ng/ml mTNF or 
untreated. After normalization of protein content according to the protein assay, cell extracts were Immunoorecipitoted overnight with anrj- 
TNF-R1 antibody coupled with protein A beads. Immunoprecipltants were reserved by SDS-PAGE. and Western blotting was performed with 
onti-lKK-r (top) or onrj-TRADO (bottom). One percent of untreated cell extract was used as a control for protein content (Input). 

(E) IKK Is activated In the TNF-R1 complex. Wt flbroblasu were treated with mTNF (40 ng/ml) or IL-1 (4 ng/mf) for various times as Indicated 
in the Tigure or left untreated as a control (lanes 1 and 6). After normalization of the protein content according to the protein assay, cell extracts 
were immunoprBclpitated with either anti-IKKa antibody or anti-TNF-R1 antibody to perform a kinase assay. 

with the same antibody when ft was also used in immu- might be some weak interaction between TRAF2 and 
noprectpitation. To check the precipitation of TRAF2, IKK before TNF treatment and this Interaction is 
we cross-linked the antl-TRAFZ antibody to protein strengthened by TNF treatment. Importantly, because 
A-Sepharose beads with DMP and then performed im- it is observed In RIP deficient cells, this interaction is 
munoprecipitation experiments. As shown in Figure 4C, independent of RIP. 

right panel, similar amount of TRAFZ was precipitated Since IKK7/NEMO is essential for IKK activation (Ya- 

from each sample, These results indicated that there maoka et ai„ 1998), it Is important to know whether it 
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Figure 5. The Dominant-Negative Mutant TRAF2, TRAF2<87-601), Is 
Detective In IKK Recruitment 

Coll exl/ecls were prepared from wt and the TRAF2A-TRAF2" 
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is also recruited to the TNF-R1 complex. Because the 
Size of IKK-y is close to the size of the antibody heavy 
chain, we cross-linked TNF-R1 antibody to protein 
A-Sepharose beads and then performed immunopreclp- 
itation experiments with extracts from TNF-treated and 
untreated wt fibroblast cells. As shown In Figure 4D, 
IKK7 was also recruited to the TNF-Rl complex upon 
TNF treatment. The same blot was also probed with 
antl-TRADD, as shown In the bottom panel of Figure 4D, 

Next we investigated whether IKK is activated after 
its recruitment to the TNF-Rl complex. To do so, we 
performed In vitro kinase assays with the immunoprecip- 
itants generated with the anti-TNF-RI antibody from 
wt fibroblasts. In these experiments, cells were treated 
with TNF for 2, 3.5, and 5 mln or IL-1 for 5 mln, One 
percent of the total cell extract of each sample, which 
was used for TNF-Rl immunoprecipitation, was used 
for the regular kinase assay as described In Figure 1 . 
As shown in Figure 4E, the treatment of TNF or IL-1 
Induced IKK activation (lanes Z-5). But with the immuno- 
precipitants, IKK activation was only detected In those 
samples from TNF-treated cells (Figure 4D, lanes 6, 7, 
and 8). The IKK activity In the Immunoprecipitarrts from 
cells treated with TNF for 3.5 and 5 min was significantly 
higher than that from cells treated for 2 min. No IKK 
activity was observed in the immunoprecipitants from 
nontreated or IL-1 -treated cells (Figure 4D, lanes 6 and 
10). Because the amount of IKK recruited to the TNF- 
Rl complex after 2, 3.5, or 5 min TNF treatment Is similar 
(data not shown but see Figure 6B), these results dem- 
onstrated that the recruited IKK was activated in the 
TNF-R1 complex. 

It is known that the TRAF2 mutant TRAF2(B7-501), 
whose ring finger domain Is deleted, functions as a dom- 
inant-negative mutant on TNF-lnduced NF-kB activation 
when ft is overexpressed (Rothe et at., 1 995). Therefore, 
it is important to know whether TRAF2(87-5Q1) Is defec- 
tive in IKK recruitment. To address this question, we 
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stably introduced Flag-TRAF2(B7-501) into TRAF2"'" 
cells and performed immunoprecipitation experiments 
with this stBble cell line and Mib wt fibroblasts. In these 
experiments, the anti-TNF-RI antibody was cross-linked 
to protein A-Sepharose beads. As shown in Figure 5, 
top two panels, both wt and Flag-TRAF(87-501) were 
recruited to the TNF-Rl upon TNF treatment, but the 
Flag-TRAF2(87-501) railed to recruit any IKKa, TRADD 
was recruited to the TNF-Rl complex normally in this 
Flag-TRAF2(87-501 ) stable cell line (Figure 5, the second 
bottom paneO- Similar amounts of TNF-R1 were preclpi- 
tatBd from each sample (Figure 5, bottom panel). These 
results suggested that the ring finger domain of TRAF2 
was critical for recruiting IKK, 

RIP but Not Its Kinase Activity Is Required 
for IKK Activation 

It has been suggested that the kinase activity of RIP Is 
not essential for RIP to mediate TNF-lnduced NF-kB 
activation (Hsu et al„ 1 996b,' Ting et el., 1 996). To be sure 
that this is also true for IKK activation, we investigated 
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whether the kinase dead RIP(M5A) Is able to restore 
TNF-inducod IKK activation In RIP"'" fibroblasts. We 
ectopically expressed wt RIP or RIP(M5A) In RIP~'- 
cells and treated half of the transfected cells with hTNF. 
Cells transfected with an empty vector were used as a 
control. As shown in Figure 5A, top panel, the kinase- 
deficient RIP(K45A) restored the TNF-induced IKK acti- 
vation as efficiently as the wt RIP did. The expression 
levels of IKK, RIP(K45A), and RIP were measured by 
Western blotting (Figure 6A, middle and bottom panels). 
These results suggested that the kinase activity of RIP 
is not required Tor TNF-lnduced IKK activation. Since 
IKK is activated in the TNF-Rl complex (Figure 4D), the 
role of RIP in IKK activation is most likely the recruitment 
of an IKK kinase to the TNF-R1 complex. 

Several kinases including NIK, MEKK1, and AKT have 
been suggested to play an important role In TNF-induced 
NF-kB activation (Lee, F.S, et at., 1997; Lee, S.Y. et al., 
1997; Malinln et al„ 1997; Nemoto et al., 1998; Oies et 
81., 1999). To examine whether any of these kinases are 
present in the same TNF-Rl complex as IKK is, we 
performed a time course study with a TNF-R1 Immuno- 
preclpitation experiment. Wt fibroblast cells were 
treated with TNF for 0, 2, 5, and 10 min before they were 
collected. As seen In Figure 6B, while RIP, IKKa, and 
TRAF2 were existent in the immunoprecipitants from ail 
of the TNF-treated cells, no MEKK1 was detected. We 
also failed to observe the presence of NIK and AKT in 
the TNF-Rl complex when we probed the same blot 
with anti-NIK and anti-AKT antibodies (data not shown). 
Therefore, according to these results, it is not clear 
whether any of those kinases is the IKK kinase that 
activates IKK In response to TNF treatment. 



Discussion 

Tremendous efforts have been made to study the molec- 
ular mechanisms of TNF-mediated cellular responses 
in recent years. It is known that the activation of the 
transcription factor NF-kB plays a critical role in many 
TNF-induced biological processes (Slebenlist et al„ 
1994; Baeuerle and Baltimore, 1996; Karfn et al., 1997). 
The signal transduction pathway from TNF receptors to 
NF-kB activation has largely been worked out (Rothe et 
al., 1994, 1995; Hsu etal., 1995, 1996a, 1996b). For TNF- 
Rl -mediated NF-kB activation, It is thought that the 
trimeriialion of TNF-Rl recruits TRADD to TNF-R1 and 
then TRADD recruits TRAF2 to the TNF-R1 complex. 
The aggregation of TRAF2 would then allow it to interact 
with NIK, which leads to the subsequent activation of 
NIK. In turn, NIK would activate IKK, and the activated 
IKK then phosphorylates IkB. Finally, the phospbory- 
lated IkB will be rapidly degraded after uWqultinaUon, 
and NF-kB is translocated into the nucleus. However, 
this model does not address the importance of RIP In 
TNF-lnduced NF-kB activation, although RIP Is essential 
for this process (Ting et al„ 1996; Kelliher et al.. 1998). 
In our study, we demonstrated that both TRAF2 and RIP 
play essential and distinct roles in IKK activation. As 
summarized in Figure 7, our data clearly indicated that 
IKK Is recruited to the TNF-R1 complex and that TRAF2 
Is essential for this recruitment. Although RIP has no 




Figure 7. The Distinct Rotes OTTRAF2 and RIP In TNF-Rl -Mediated 
IKK Activation 

In response to TNF treatment, IKK Is recruited to U» TNF-Rl com- 
ptox, and this recruitment Is accomplished through TRAF2. The 
activation of IKK In the TNF-Rl complex requires the presence of 
RIP, 



effect on IKK recruitment, Its presence in the same re- 
ceptor complex is crucial for TNF-induced IKK activa- 
tion. Because IKK is activated In the TNF-R1 complex 
and the kinase activity of RIP Is dispensable for IKK 
activation (Figures 5 and 6), the most likely function of 
RIP is to recruit the IKK kinase to the TNF-R1 complex, 
Previous studies have suggested that TRAFZ is solely 
responsible for TNF-induced JNK activity; however, 
TNF-induced NF-kB actlvauon is slightly delayed and 
decreased in TRAF2 null cells (Yen et al., 1997). In our 
study, we found that m TNF-induced IKK activation is 
significantly reduced In TRAF2" " cells compared to wt 
cells, but the remaining IKK activity is sufficient for NF- 
kB activation (Figure 1A). Our data suggested that the 
decrease or IKK activation is accountable for the de- 
layed and slightly reduced NF-kB actlvauon in TRAF2''~ 
cells. Importantly, unlike mTNF, hTNF induced llttla IKK 
activation in TRAF2~'~ cells (Figure 1C|. Since hTNF only 
binds to TNF-Rl, It seems that TRAF2 plays a greater 
role in TNF-Rl -mediated IKK activation than rt does in 
the TNF-R2 pathway. Meanwhile, other TRAF proteins, 
such as TRAF5, may also partially substitute the function 
Of TRAF2. In contrast mTNF and hTNF showed no differ- 
ence in activating IKK in RIP~'- cells. It is intriguing to 
speculate that RIP Is Involved In both TNF-R1 and -R2 
signaling pathways. This possibility Is supported by the 
fact that RIP Interacts with TRAF1 and TRAF2, both of 
which are components of the TNF-R2 complex (Hsu et 
al., 1996b). 

RIP was initially Identified by Its interaction with Fas, 
but it is not required for Fas-mediated apoptosis 
(Stanger et al., 1995). It has also been reported that RIP 
could weakly Interact with TNF-Rl (Hsu et al„ 1996b), 
Subsequently, RIP was found to be a key effector In 
the TNF-Rl complex (Uu et al., 1996; Ting et al., 1996; 
Kelliher et al., 1998). In this study, we found that the 
presence of RIP in the TNF-Rl complex is crucial for 
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IKK activation, although Its kinase activity does not play 
a role In this process. Therefore, the essential role of 
RIP In TNF-Rl-medlated IKK activation may be to bring 
the IKK Kinase to the TNF-Rl complex. Our observation 
that TRADD was recruited to TNF-R1 much more effi- 
ciently in RIP - '- cells than it was In wt cells suggests 
that RIP may bind to TNF-Rl directly instead of being 
recruited to the TNF-Rl complex through TRADD as 
previously reported (Hsu et al., 1996b). Further study Is 
necessary to verify this possibility. Interestingly, al- 
though much more TRAF2 was recruited to the TNF-Rl 
complex in RIP"'"" cells, the recruitment of IKK was not 
Increased (Figures 3A and 4A). These results Imply that 
RIP may play a role In stabilizing the interaction between 
TRAFZ and IKK. 

TRAF2 has been suggested to play a critical role In 
recruiting downstream kinases; several kinases, Includ- 
ing NIK and MEKK1, have been reported to Interact with 
TRAFZ (Malinin et al., 1997; Song et al., 1997; Baud et 
al., 1999). Previous studies also reported that NIK and 
MEKK1 could Interact with IKK (Woronlcz et al., 1997; 
Nemoto et al., 199B). However, all of these observations 
were made by cotransfectlon experiments. More evi- 
dence Is necessary to prove that these Interactions in- 
deed happen under physiological conditions. In our 
study, we failed to observe the presence of NIK or 
MEKK1 In the TNF-R1 complex in our coimmunoprecipi- 
tatlon experiments. One possibility Is that the Interaction 
between NIK or MEKK1 with the TNF-Rl complex Is 
weak; therefore. It cannot be detected under our experi- 
mental conditions. Because the presence of RIP in the 
TNF-R1 complex Is critical for IKK activation, we are 
currently Investigating whether RIP Interacts with NIK 
or MEKK1. Most recently, another kinase. AKT, has also 
been shown to play a role In TNF-lnduced NF-kB activa- 
tion (Oies et al., 1999), In contrast to what has been 
reported, we found that AKT is not Bnked to TNF- 
induced IKK and NF-kB activation. In our system (mouse 
fibroblasts and Jurkat cells), wortmannin had no effect 
on TNF-lnduced IKK and NF-kB activation although It 
completely abolished AKT activation (Y. R. and Z-G. U 
unpublished data). While we were unable to detect the 
interaction between TRAF2 with these kinases, we found 
that IKK was recruited to the TNF-Rl complex in re- 
sponse to TNF treatment. The rapid recruitment of IKK 
to the TNF-Rl signaling complex allows IKK to be effi- 
ciently activated. The recruitment of IKK to the TNF-Rl 
complex relies on the presence of TRAF2; RIP has little 
effect on IKK recruitment. Although our preliminary data 
suggested that TRAF2 directly interacted with IKK, the 
biochemical basis for TRAF2-medlated IKK recruitment 
Is under study. However, because the TRAF2 mutant 
TRAF2(B7-501) was unable to recruit IKK (Figure 5), one 
of the functions of the ring domain of TRAFZ is to medi- 
ate IKK recruitment. 

Recently, It was found that the oligomerlzatlon of the 
N-terminal effector domain of TRAF2 was sufficient to 
induce IKK activation (Baud et al., 1999). Because our 
data indicated a pivotal role of RIP In TNF-induced IKK 
activation, we tested whether RIP is required for IKK 
activation by the oligomerlzatlon of the TRAF2 effector 
domain. We found that the aggregation of the TRAF2 
effector domain did not induce IKK activation in RIP-'- 
cells (data not shown). This result indicated that IKK 



activation by the oligomerlzatlon of the TRAF2 domain 
also requires the presence of RIP. It is possible that the 
oligomerizaUon of the TRAF2 effector domain will result 
In RIP recruitment to the signaling complex, 

TNF-induced NF-kB activation is achieved through 
multiple steps. While the signaling pathway that leads 
to NF-kB activation in response to TNF has been largely 
elucidated, the molecular mechanism for IKK activation 
is still not conclusive. In this report, we demonstrated 
the distinct roles of TRAF2 and RIP in TNF-Rl -mediated 
IKK activation. In order to be activated, IKK needs to 
be recruited to the TNF-Rl complex. While TRAF2 Is 
required for IKK recruitment, RIP mediates the activation 
of IKK. Therefore, our study provided a mechanism for 
TNF-Rl-medlated IKK activation. 




Antl-RIP antibody was purchased from Transduction Laboratories. 
Antl-TRAF2, anU-Xpress, antWKKn, anti-IKKf), anU-TNF-R2, entl- 
TRADD, antl-HA, and anti-MEKKI antibodies were purchased from 
Santa Cruz. Anti-JNKI, entl-IKKy, and ami- My c antibodies were 
rrom PharMingen. The ami-Flag antibody was purchased from 
Sigma, Anti-UB and anti-NIK antibodies were from Dr. DIDonato. 
The anti-TNF-RI antibodies were from R&D Systems. Human and 
mouse TNFa were purchased from R*D systems. [•y- 0 P]ATP was 
from Amershem Pharmacia Biotech. 

Cell Culture and Transaction 

Wt fibroblasts were cultured In Dulbecco's modified Eagle's medium 
supplemented with 10% fetal bovine serum or 10% calf serum, 2 
mM Histamine, 100 UMH penicillin, and 100 ^g/mJ streptomycin. 
RIP-'- and TRAF2 cells were cultured In the calf serum medium 
as wt cells, except 0.3 mg/ml G*18 was Included. Cells were trens- 
fected with Upofoctamino PLUS reagent (GIBCO-BRL) following 
the Instructions provided by the manufacturer. When ceHs were 
transf acted with the RIP piasmid, 0.1 |*g CrmA was added. Jurkat 
cells were cultured in RPMI 1640 medium supplemented with 10% 
fetal bovine serum. 2 mM gluts mine, IOC U/mt perdcita and 100 
pg/ml streptomycin. The stable TRAF2(B7-S01>-T«AF2~<- cat} Me 
was generated by cotransfecting Flog-TRAF2(87-501) and an ex. 
pression piasmid for the hygromycin-reststant gene. Cell Ones mat 
are resistant to hygromycxi were selected and examined for the 
presence of Flag-TRAF2(B7-501) by western blotting with an sntl- 
Flag antibody. 



The mammalian expression plasmlds for Myc-RIP, Myc-RIP(K45A), 
and Flag-TRAFZ have been described previously (Hsu et al., 19B6b; 
Uu et al., 1996). The mammalian expression plasmlds for Xpress- 
RIP end Xpress-RIPfK45A) have been described previously (Lin et 
el., 1899). The expression piasmid for HA-1KKB has been described 
previously (Zandl et al„ 1997). 

Western Blot Analysis and Coimmurw precipitation 
After treatment with TNFa for different times as described In the 
figure legend, cells were washed twice In phosphate-buffered saline 
(pH 7.2) and then collected and iysed in M2 buffer (20 mM Tris [pH 
71, 0.5% NP40, 250 mM NaCL 3 mM EDTA. 3 mM EGTA, 2 mM 
DTT, 0.5 mM PMSF, 20 mM p-gfycwol phosphate, 1 mM sodkjm 
vanadate. 1 ng/ml leupeptln. 1 ng/ml aprotWn, 1 ng/ml pepstatin, 
and 10 mM pNpp). Fifty micrograms of the cell lysates ware fraction- 
ated by 4%-Z0% SPS-poryacrytamWe gets, and Western btottlngs 
were performed with the desired antibodies. The proteins were visu- 
alized by enhanced chemllumlnescence, according to the manufac- 
turer's (Amershem) Instructions. For immuno precipitation assays, 
3 x 10' of TNF- (40 ng/ml) treated or nontreeted wt, RIP"'-, and 
TRAFZ-'- fibroblasts were Iysed m lysis buffer (50 mM HEPES (pH 
7.6], 250 mM NaCl, 0,1% NP40, 5 mM EDTA, 0.5 mM PMSF, 1 ^ 
ml leupeptln, 1 ng/ml aprotlnln, and 1 ng/ml pepstaun). The lysates 
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th (he relevant antibody end protein 
A-Sepharosa beads by Incubation at 4T tor 4 Mr to overnight. The 
beads ware washed four times with lysis buffer, and the bound 
proteins wero resolved In 10% SDS-polyacrylomlde gels and de- 
tected by Western blot analysis, For trrtrminopredpltetonswtth anti- 
bodies lhat ware cross-linked to protein A-Sepharose beeds, enti- 
bodies (100 |ig anUbody/ml wet beads) were coupled to the beads 
with dimethyl pimellmldste (DMP) as described (Harlow and Lane. 



Cells were collected In M2 buffer (see at 
Immunopreclpitated with anti-IKKo antibody, and in vitro kinase 
essays were performed as described previously, using GST-lxBd • 
54) as the substrate (NDorujto ot al„ 1987). HA-IKK was Immunopre- 
clpitated with antl-HA antibody. For the kinase assay wtth antl-TNF- 
R1 immunoprocipltams, GST-I*B(1.54) and [y.»PlATP were mined 
directry with them in the kinase butler (20 mM HEPCS [pH 7,51, 20 
mM p-gjycerol-phospriata, 10 mM pNpp, 10 mM MgCI„ 1 mM DTT, 
50 mM sodium vanadate, and 20 ,iM cold ATP). 



We thank Drs. A. Ting and B. Seed for the RIP-defielent Jurkat 
cells; Drs. W-C. Yen and T.W. Mak for TRAF2"'- fibroblasts; Or. J. 
DIDonato for anti-kB and antl-MK anUbodles; and Drs. Y. Xla and 
M. Karln for antl-MEKKl antibody. We ere grateful to Joseph Lewis 
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Summary 

The adapter protein RIP plays a crucial role in NF-kB 
activation by TIMF. Here we show that triggering of the 
p55 TIMF receptor induces binding of RIP to NEMO 
(IKK7), a component of the l-K-B-kinase (IKK) "sig- 
nalosome" complex, as well as recruitment of RIP to 
the receptor together with the three major signalo- 
some components, NEMO, IKK1 and IKK2, and some 
kind of covalent modification of the recruited RIP mol- 
ecules. It also induces binding of NEMO to the signal- 
ing inhibitor A20, and recruitment of A20 to the recep- 
tor. Enforced expression of NEMO in cells revealed 
that NEMO can both promote and block NF-kB activa- 
tion and dramatically augments the phosphorylation 
of c-Jun. The findings suggest that the signaling activi- 
ties of the IKK signalosome are regulated through 
binding of NEMO to RIP and A20 within the p55 TNF 
receptor complex. 

Introduction 

The function of NF-kB, a transcription factor controlling 
various immune defense mechanisms, is subject to intri- 
cate regulation through a number of different mecha- 
nisms (Baeuerle and Baltimore, 1996; Ghosh et al„ 
1998). The most widely encountered and thoroughly 
studied is its association with inhibitory proteins of the 
IkB family. The inhibitory effect of these proteins is allevi- 
ated upon their phosphorylation in response to NF-kB- 
inducing agents, which in turn target these proteins for 
ubiquitination and proteasomal degradation A macro- 
molecular complex, the "signalosome," plays a central 
role in this phosphorylation. This complex is comprised 
of three major proteins: two IkB kinases, IKK1 and IKK2, 
which can directly phosphorylate Ik Be* and p, and a 
protein called NEMO (or IKK7), which lacks enzymatic 
activity and whose exact role in the function of the sig- 
nalosome has up to now been unknown (Chen et al., 
1996; DiDonato et al., 1997; Mercurio et al„ 1997, 1999; 
Regnier et al., 1997; Woronicz et al„ 1997; Zandi et al., 
1997; Cohen et al., 1 998; Rothwarf et al., 1 998; Yamaoka 
et al., 1998; Li et al., 1999). 

One of the inducing agents employing the signalo- 
some in NF-kB activation is tumor necrosis factor (TNF). 
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The mechanisms by which this cytokine activates NF- 
kB have attracted particular attention in view of findings 
indicating that, in addition to its role as a mediator of 
TNF-induced activation of genes that contribute to in- 
flammation and immune regulation, NF-kB also acts as 
a negative regulator of the cytotoxic function of TNF 
through induction of some antiapoptotic proteins (re- 
viewed in Wallach et al., 1999). Stimulation of the p55 
receptor, which mediates both NF-kB and cell death 
induction by TNF, incites the recruitment of a group of 
signaling proteins to the receptor. Some, like the adapter 
proteins TRADD (Hsu et al., 1996b), RIP (Hsu et al., 
1996a), and TRAF2 (Shu et al., 1996) as well as the 
protein kinases NIK (Malinin et al., 1997) and MEKK1 
(Baud et al., 1999), which bind to TRAF2 and are proba- 
bly also recruited, have been suggested as participants 
in NF-kB activation. Others, like A20, a zinc finger protein 
that is itself induced by NF-kB and also binds to TRAF2, 
act as inhibitors of NF-k B activation (Opipari et al., 1990; 
Song et al., 1996). 

Compelling evidence points to a crucial role for the 
adapter protein RIP (Stanger et al., 1995) in the activation 
of NF-kB by the p55 TNF receptor. Targeted disruption 
of the RIP gene (Kelliher et al., 1998) and its mutation 
in cultured cells (Ting et al., 1 996), abolish this activation. 
Of the three distinct domains in RIP— a C-terminal death 
domain (DD), an intermediate region, and an N-terminal 
serine/threonine protein kinase domain— only the DD 
and the intermediate region seem to contribute to the 
activation (Hsu et al., 1996a; Ting et al., 1996). The RIP 
DD mediates the recruitment of RIP to the p55 TNF 
receptor (Hsu et al., 1996a). It binds to the DD of the 
adapter protein TRADD, which upon stimulation binds 
to the DD in the p55 TNF receptor (Hsu et al., 1996b). 
However, this domain alone does not suffice for NF- 
kB activation. In fact, overexpression of a RIP deletion 
mutant corresponding to just the DD blocks NF-kB in- 
duction (Hsu et al., 1996a). In contrast, expression of a 
RIP mutant consisting of only its intermediate domain 
suffices to activate NF-kB (Hsu et al., 1996a; Ting et 
al., 1996), suggesting that this domain transmits the 
signaling for downstream events in the activation. 

The only protein so far found to bind to the RIP inter- 
mediate domain is the adapter protein TRAF2 (Hsu et 
al., 1 996a). Although this protein contributes to the acti- 
vation of NF-kB by some other receptors of the TNF/ 
NGF family, its involvement in NF-kB activation by the 
p55 TNF receptor seems to be limited, since neither the 
knockout of the TRAF2 gene (Lee et al., 1997; Yeh et 
al., 1997) nor of the gene for TRAF5, a related adapter 
protein (Nakano et al„ 1 999), could abolish NF-kB activa- 
tion by TNF. 

In searching for additional interactions of RIP that are 
required for its function, we found that the intermediate 
domain in this protein also binds to the signalosome 
component NEMO and that NEMO, together with RIP 
and the two other signalosome components IKK1 and 
IKK2, is recruited to the p55 TNF receptor upon stimula- 
tion of the receptor. On further probing the function of 
NEMO, we found that this protein also binds A20, an 
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ucloprneiit within 24 hi In further specificity assessment of the binding observed in the two-hybrid test, NEMO and A20 were found not to 
id to any of the following proteins involved in TNF signaling: the intracellular domains of the p55 and p75 TNF receptors; the adapter 
Heins TRADD, MORT1/EADD, and RAIDD; the protein kinase NIK; caspase-8; caspase-1; and Bcl-2. RIP displayed binding only to TRADD, 
3RT1/FADD, and RAIDD and to the intracellular domain of the p55 FNF receptor. KD, kinase domain; ID, intermediate domain; DD, death 



inhibitor of NF-kB activation. We also found that modula- 
tion of the cellular levels of NEMO may result in either 
augmentation or inhibition of NF-kB activation. It may 
also dramatically enhance the phosphorylation of the 
transcription factor c-Jun. 

These findings indicate that regulation of the IKK sig- 
nalosome by TNF involves interactions of NEMO with 
RIP and A20 within the TNF receptor complex. 

Results 

Identification of NEMO as a RIP- 
and A20-Binding Protein 

To identify potential downstream components of the 
p55 receptor/RIP signaling pathway, we employed the 
yeast two-hybrid system (Fields and Song, 1989) to 
screen a human B cell cDNA library (Clontech) for RIP- 
interacting proteins. Several specifically interacting 
clones were recovered. One of these was identified as 
a partial clone of NEMO (IKK-y), a protein shown pre- 
viously to be present in the signalosome and to associ- 
ate with the IkB kinase IKK2 (Rothwarf et al„ 1998; Ya- 
maoka et al„ 1998; Mercurio et al., 1999). Deletion 
analysis indicated that NEMO binds to the intermediate 
domain in RIP (Table 1), i.e., the region that links its DD 
to the kinase domain, which has been shown to mediate 
NF-kB activation (Hsu et al„ 1996a; Ting et al., 1996). 

On further characterizing the binding properties of 
NEMO, we found that this protein does not bind to any 
of the p55 TNF receptor-associated adapter proteins 
nor to the intracellular domains of the TNF receptors 
themselves. It does, however, bind to A20, a zinc finger 
protein that exerts inhibitory effects on TNF, and has 
also been shown to bind to the TNF receptor-associated 
protein TRAF2 (Song et al., 1 996). Partial deletion analy- 
sis of A20 indicated that the latter binds to TRAF2 
through its N-terminal part, a region that seems not to 
be essential for its inhibitory function (Song et al., 1996). 
Its binding to NEMO, however, occurs both through its 
N-terminal and, apparently more effectively, through its 
C-terminal (zinc finger) region. Partial deletion analysis 



of Nl MO suggested that both RIP and A20 bind to a 
region in the middle of this protein (Table 1). 

An assessment of the interaction of RIP, NEMO, and 
A20 within mammalian cells confirmed that NEMO binds 
to RIP as well as to A20. The bindings occurred constitu- 
tively in transfected cells that overexpressed these pro- 
teins (Figures 1A-1C). In cells that did not overexpress 
NEMO, however, both RIP and A20 bound to NEMO only 
after TNF application or in response to overexpression 
of the p55 TNF receptor (Figures 1D and 1E), which 
triggers signaling by this receptor (Boldin et al., 1995). 

p55 TNF-R Triggering Induces Recruitment of RIP 
and of the IKK Signalosome Components 
to the Receptor 

RIP is recruited to the p55 TNF receptor upon stimulation 
of the receptor (Figure 2A; Hsu et al., 1996a). Interest- 
ingly, some of the recruited RIP molecules exhibit re- 
tarded migration on SDS-PAGE in a ladder-like pattern, a 
change that could not be observed in the RIP molecules 
recovered from the whole cell lysate (compare upper 
and lower panels in Figure 2A). 

In view of the observed binding of RIP to NEMO and 
the reported association of NEMO with IKK2 and IKK1 
(Rothwarf et al., 1998; Yamaoka et al., 1998; Mercurio 
et al., 1 999), we examined whether the last three proteins 
also associate with the activated p55 TNF receptor. As 
shown in Figures 2B-2D, the three proteins were indeed 
found to coimmunoprecipitate with the p55 TNF recep- 
tor from extracts of TNF-treated HeLa cells, while show- 
ing little or no association with the receptor in the ab- 
sence of TNF treatment. 

To further confirm that the signalosome components 
associate with the p55 TNF receptor molecules that are 
located on the cell surface, we immunoprecipitated the 
receptor with antibodies that were applied not to the 
cell lysate but to the intact cells prior to their lysis, and 
then removed the antibody molecules that did not bind 
to the cell-surface receptors. As shown in Figure 2E, 
the coimmunoprecipitation of IKK1 with the receptor 
under these test conditions was as effective as when 
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Figure 1. Interaction of NEMO with RIP and A20 in Mammalian Cells 

(A) Coimmunoprecipitation of RIP with NEMO in cotransfection assays. HEK 293T cells were transfected with expression vectors for RIP and 
His epitope-tagged NEMO (5 p-g each). Extracts were prepared and immunoprecipitated 24 hr later. In all figures, the antibodies applied for 
Abs) are indicated on top of the autoradiogram (C, control mouse antibody; His, anti-His mAb, etc.) and the antibody 
applied for immunoblot analysis (WB) are indicated at the bottom. 

(B and C) Coimmunoprecipitation of N[ MO with A20 in cotransfection assays. HEK 293T cells were transfected with the indicated combinations 
of expression vectors for FLAG-A20 and HA-NEMO or His-NEMO (5 ng each). 

(D) Association of the endogenous RIP and NEMO is TNK dependent. HeLa S3 cells wore treated with TNF (100 ng/ml) for 10 min (second 
lane) or left untreated (first lane) before immunoprecipitation. 

(E) Interaction of endogenous NEMO and transfected A20 is dependent on p55 TNF receptor triggering. HEK 293T cells were transfected with 
the indicated combinations of expression vectors for the p55 TNF receptor and HA-A20. To protect celts against apoptosis induced by the 
p55 TNF receptor, the ret „ •-.:>• ■> ■..■z.---.-' .-. ' • : _ :r .;i^,-o,s ng _ s inhibitor. 



receptor molecules were immunoprecipitated from the 
cell lysate and showed just as strict dependence on 
TNF. 

A kinetic follow-up showed that the recruitment of RIP 
and IKK1 to the receptor reaches its maximal extent 
within minutes of TNF application, and then gradually 
declines, though it is still detectable 30 minutes after 
TNF application (Figures 2F and 2G). 

To evaluate the contribution of the TNF-induced asso- 
ciation of RIP and NEMO to the recruitment of the sig- 
nalosome components by the receptor, an antisense 
NEMO cDNA and an N-terminal deletion mutant of RIP, 
corresponding to its DD, were applied to cells. Both of 
these reagents are known to interfere with TNF-induced 
NF-kFJ activation (Hsu et al., 1996a; Rothwarf et al„ 
1998). As shown in Figure 2H, expression of either con- 
struct also reduced the recruitment of IKK1 to the p55 
TNF receptor. 

Recruitment of the Signalosome to the p55 TNF 
Receptor Seems to Be Insufficient 
for Its Full Activation 

To further explore the causal relationship between the 
recruitment and the activation of the signalosome by 



the receptor, we assessed the phosphorylation of IkB 
by the receptor-associated signalosome and compared 
it to the activity of signalosome isolated from the whole 
cell lysate by immunoprecipitation of NEMO. As shown 
in Figure 3, IkB phosphorylation by the receptor-associ- 
ated signalosome preparation was significantly less ef- 
fective than that of the signalosome isolated from the 
whole cell lysate (normalized on the basis of IKK1 levels 
in the two preparations). The signalosome components 
themselves displayed a differential pattern of phosphor- 
ylation. A protein with the molecular size of IKK1 under- 
went significantly more phosphorylation in the receptor- 
associated preparation. Conversely, phosphorylation of 
proteins whose sizes corresponded to those of IKK2 
and NEMO could be discerned only in the cytoplasmic 
signalosome preparation. 

A20, although Blocking the Activation of NF-kB by 
TNF through Inhibition of IkB Phosphorylation, 
Augments Recruitment of the Signalosome 
to the p55 TNF Receptor 

A20 inhibits the activation of NF-kB by TNF as well as 
by overexpression of the p55 TNF receptor or of its 
adapter proteins TRAF2 or RIP, although it does not 
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(A-E) HeLa S3 cells were stimulated with TNF (100 ng/ml) for 10 min (right lane) or left untreated (left lane). Cell lysates were immunoprecipitated 
with rabbit anti-p55 TNF receptor antibodies (A, B, and E) or with mouse monoclonal anti-p55 TNF receptor antibodies (C and D), Coprecipitating 
RIP IKK1. IKK2. and NEMO were detected by immunoblot analysis using the indicated antibodies. In experiment (E). the anti p55 TNF receptor 
polyclonal antibodies (1 v-qlmt) were applied in a way that allowed them to interact only with the receptors expressed on the cell surface. 
They were added to the tissue culture dishes before cell lysis, just after TNI app cat 3n The c shes were gently shaken for 2 hr at 4*C, and 
the unbound antibody was then rinsed off twice with PBS. The cells were then lysed and 40 fit of protein G-Sepharose beads were added to 
the lysates to precipitate the TNF receptor complex. 

(F) and (G) present the time course of the recruitment of RIP and IKK1, respectively, to the p55 TNF receptor complex. For each lane. 5 >■ 
10' llel a S3 cells were treated with INI iiuu nyms) lor the ndK.j'.ed times (.<H lysates were immanoprecipitaied with labbit anti-pbS INF 
receptor antibody The amounts of coprecipitating PIP and IKK1 and of RIP in aiiqaots oi :he cell ly sates (10 ,utj were assessed hy irnmunoblottitiy 
Willi I he indicated antibodies 

(II) I lei a HtTA-1 cells (1 x 10') were transfected with expression vectors for the RIP DD (559-671) or NEMO antisense. To prevent cell death, 
pis expression vector was added to the RIP DD transfection. After 24 hr. cells were treated with TNF (100 ng/ml) for 10 min or left untreated. 
Cell lysates were Immunoprecipitated with rabbit ami p55 TNF recepior antibodies, and coprecipitating IKK1 was detected by immunoblot 
analysis with anti-IKK1 mAb. Immunoblotting of aliquots of the total cell extracts (10 |il) with anti-NEMO and ami RIP or with ami-IKKI mAbs 
demonstrated specific reduction of NEMO expression in the cells expressing the NEMO antisense (data not shown). 



interfere with NF-kB activation by overexpression of NIK 
and has only a partial inhibitory effect on its activation 
by MEKK1 (Figure 4A; Song et al., 1 996; Heyninck et al., 
1999). The inhibition of NF-kB activation correlated with 
a marked decrease in the degradation of IkB (Figure 4B). 
Indeed, the kB-phosphorylating ability of signalosome 
complexes isolated from extracts of A20-expressing 
HeLa cells treated with TNF was substantially lower than 
that of signalosome isolated from cells that did not ex- 
press A20. Interestingly, however, the effectiveness of 
seif-phosphorylation of the IKKs in these signalosome 
preparations seemed not to decrease but rather to be 
increased compared to cells that did not express A20 
(Figure 4C). 



As expected from the reported binding of A20 to 
TRAF2 (Song et al., 1996), which is recruited to the p55 
TNF receptor following stimulation (Shu et al., 1996), 
transfected A20 was found to associate with the p55 
TNF receptor in cells that overexpress this receptor (Fig- 
ure 4D). In view of the indicated requirement of the 
NEMO-RIP interaction for activation of the signalosome, 
it was of interest to determine whether the inhibition of 
NF-kB activation by A20 reflects inhibition of the recruit- 
ment of the signalosome to the receptor. 

As shown in Figures 4E and 4F, HEK 293T cells ex- 
pressing transfected A20 did not manifest a decrease 
but rather a significant enhancement of IKK1 association 
with the p55 TNF receptor. 
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not associated with any change in the ai 
(Figure 5D, middle panel) and could be fully blocked 
by expression of a dominant-negative mutant of SEK1 
(MKK4), a MAP2K that acts upstream of JNK (data not 
shown). Yet, unlike the increase in c-Jun phosphoryla- 
tion that occurs in response to TNF, the increase ob- 
served in NEMO-overexpressing cells was not associ- 
ated with an enhanced phosphorylation of JNK at its 
activation sites (Thr^VTyr 185 ; Karin et al,, 1997; Figure 
5D, lower panel). Similar modulation of NF-kB function 
and c-Jun phosphorylation by NEMO could also be ob- 
served in HeLa cells (data not shown). 



Discussion 



WB: itlKKl 

Figure 3. Kinase Activities of p55 TNF Receptor. Recruited Signalo- 
some Compared with Those of Cytoplasmic IKK Signalosome 
HeLa S3 cells (5 x 10') were treated with TNF (20 ng/ml) for 10 min 
(second and fourth lanes) or left untreated (first and third lanes). 
The IKK Signalosome was immunoprecipitated with anti-p55 TNF 

lanes) polyclonal antibodies, and the associated kinase activities 
were determined with GST-IkBu (1-54) as a substrate. The amounts 
of IKK1 in the two immune complexes were assessed by immu- 
noblotting with anti IKK1 mAb (bottom panel). 

A Mild Increase in the Cellular Levels of NEMO 
Potentiates NF-kB Activation, whereas 
a Greater Increase Interferes with 
NF-kB Activation and Augments 
c-Jun Phosphorylation 

Assessment of the effect of enforced expression of 
NEMO in HEK 293T cells revealed marked inhibition of 
NF-kB activation in cells transfected with large amounts 
of a NEMO-expressing cDNA construct (Li et al., 1999), 
whereas transfection of low amounts of this construct 
resulted in significant potentiation of NF kB activation 
as well as in increased basal activity of this transcription 
factor (Figure 5A and inset). The inhibition of NF-kB 
activation at high cellular concentrations of NEMO could 
be shown to reflect suppression of IkB degradation (Fig 
ure 5B). Moreover, consistent with the proposed role of 
the NEMO-RIP association in the transmission of signal- 
ing, the inhibition of NF-kB activation by NEMO overex- 
pression was associated with decreased recruitment of 
the signalosome to the receptor (Figure 5C). 

Interestingly, high cellular NEMO was also associated 
with a marked increase in phosphorylation of c-Jun at 
the same sites as those found to be phosphorylated in 
response to TNF (Ser 63 /Ser 73 ) (Karin et al., 1 997). Notably, 
the SDS-PAGE migration patterns of the phosphorylated 
c-Jun in NEMO-overexpressing cells differed somewhat 
from those in cells treated by TNF, suggesting that, 
along with the shared effects of TNF and NEMO on 
phosphorylation of Ser" and Ser 73 , they also induced 
additional phosphorylation(s) of c-Jun, at specific sites. 
The effect of NEMO on c-Jun phosphorylation was syn- 
ergistic with that of TNF (Figure 5D, upper panel). It was 



The choice of the term "signalosome" (signaling organ- 
elle) for the IkB phosphorylating complex implies that it 
was conceived as a distinct structural and functional 
entity. Up to now, in most fractionation studies aimed 
at characterizing the IkB phosphorylating kinases, these 
proteins have indeed appeared to be assembled into 
a distinct and highly stable macromolecular complex, 
containing about equal amounts of three unique compo- 
nents: IKK1, IKK2, and NEMO (DiDonato et al., 1997; 
Mercurio et al., 1997, 1999; Zandi et al., 1997; Rothwarf 
et al., 1998). Notably, however, the approaches taken 
in those studies were biased toward the detection of 
components that are most prevalent and that bind most 
avidly to each other. Use of high urea washes, for exam- 
ple, may well have eliminated some loosely bound yet 
functionally important components (Mercurio et al., 
1997, 1999; Rothwarf et al., 1998). The findings of the 
present study indicate that, apart from the three "core" 
components already identified, the IkB phosphorylating 
kinases may at times associate with some other cellular 
proteins, which modulate their function. Specifically, in 
cells treated by TNF, a subpopulation of the IkB phos- 
phorylating complexes is shown to become an integral 
part of the p55 T NF receptor signaling complex. NEMO, 
a major component of the core signalosome complex 
whose function has until now remained elusive, is shown 
here to link the IkB kinases (IKKs) to components of the 
p55 receptor complex. Being based on assessment of 
interactions of signaling molecules in their normal cellu- 
lar amounts, the present data provide a more reliable 
notion of the signaling events than that obtained up 
to now through overexpression of these proteins. We 
cannot yet draw any definite conclusions as to the func- 
tional implications of the observed interactions. How- 
ever, the Findings are consistent with the idea that the 
binding of NEMO to components of the receptor com- 
plex constitutes an early though not necessarily suffi- 
cient step in the activation of the signalosome. 

Two novel interactions of NEMO were revealed in this 
study. NEMO was found to bind to RIP, an adapter 
protein crucial for NF-kB activation by the p55 TNF re- 
ceptor (Ting et al., 1996; Kelliher et al„ 1998; also see 
Li et al., 1 999), as well as to A20, a protein with inhibitory 
effects on several TNF functions (Opipari et al., 1990; 
Jaattela et al., 1996). The binding of NEMO to each of 
these proteins could be monitored at high fidelity in 
the yeast two-hybrid test. Within the mammalian cell, 
however, the binding was stimulus dependent, being 
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A i Ifcct of A20on NF-kB dependent reporter gene activity induced by transfection of HEK 2931 cells with the p55 TNF receptor. RIP, TRAF2, 
NIK, or MEKK1. 

(13) Effect of A20 on IkB degradation in response to ENF, 293T cells (2 - 10 1 ) were transacted in 6 cm dishes with pcHA-A20 or with empty 
vector. After 24 hr, half of the samples were treated with 100 ng/ml TNF for 20 min as indicated. Cells were lysed on the dishes in SDS sample 
buffer, and one-tenth of each sample was subjected to conventional SOS-PAGE followed by electrotransfer and Western blotting with anti- 

(C) Effect of A20 on kinase activity of the IKK complex. HeLa HtiA-1 cells (1 • 10') were (ransfected with pcDNA3 (first and second lanes) 
or with pcHA-A20 (third lane). After 24 hr, the cells were stimulated with INF (20 ng/ml) for 10 min (second and third lanes) or left untreated 
(fir t lane). The IkB kinase complexes were isolated by immunuprecipitation with 1 |ig of anti-NEMO polyclonal antibodies, and the associated 
km i-,e activities were determined using GS I M*. (1 54) as a subsliate. I he amounts oflKKI in th mrtu ii 11 pitates were determined by 
imi'iunoblolliny with anti-IKKI mAb (bottom panel). 

(D) A20 associates with overexpressed p55 TNF receptor. HEK 2931 cells (1 - 10') were transacted with the indicated combinations of 
expression vectors for the p55 TNF receptor and with pcHA-A20 p35 expression vector was added to the p55 TNF receptor transfections. 
Cell lysates were prepared 24 hr later and subjected to immunoprecipitation and immunoblot analysis using the indicated antibodies. 

(E and F) A20 expression augments the recruitment of IKK1 to the p55 ENF receptor. HEK 293T cells (1 < 10') were transfected with the 
>iu: cated plasmids. Cell lysates were immunoprecipitated with rabbil anti-p55 TNF receptor antibody, Coprecipitating endogenous RIP and 
th anti-RIP mAb (E) and anti-IKK1 mAb (F). 

anti-HA (D), anti-RIP (E), or anti-IKKI (F) mAbs. 



detectable only after application of TNF to the cell or 
upon overexpression of the p55 receptor (which results 
in receptor triggering, Boldin et al„ 1995). RIP is re- 
cruited to the p55 TNF receptor upon its triggering (Hsu 
et al„ 1 996a) and so are NEMO and the two IKKs associ- 
ated with it. Our data indicate that A20 also associates 
with the p55 TNF receptor. This association probably 



occurs through its binding not only to NEMO but also 
to TRAF2 (Song et al., 1996). It may thus assist the 
anchorage of NEMO and its associated proteins to the 
receptor complex. Cells expressing A20 indeed dis- 
played enhanced recruitment of the IKK complex to the 
receptor (Figure 4F; see Figure 6 for a diagrammatic 
representation of the proposed protein interactions). 
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l igurc 5. Modulation of Nl -kH Activation 
and c-Jun Phosphorylation by Variation of the 
Cellular Amounts of NLMO 
(A) Effects of NLMO on Nl -<B dependent re- 
porter gene activity induced by transfection 
of HEK 293T cells with TRAF2 or NIK or their 



(B) Effect of high cellular amounts or NEMO 
on IkB degradation in response to TNF. 293T 
cells (2 x 10 s ) were transfected in 6 cm dishes 
with a NEMO expression plasmid or with an 
empty vector. After 24 hr, half of the samples 
were treated with 100 ng/ml TNF for 20 min. 
The cells were lysed on the dishes in SDS 
sample buffer, and one-tenth ot each sample 
was subjected to conventional SDS-PAGE 
followed by electrotransfer and Western blot- 

I I I i t Ml MO 

(25 pg DN A/plate) on recruitment of the sig- 
nalosome to the p55 TNF receptor. 
(D) NEMO induces site-specific hyperphos- 
phorylation of c-Jun without affecting the cel- 
lular amounts of c-Jun or the extent of JNK 
phosphorylation. The immunoblots prepared 
as described in (B) were probed with the indi- 
cated antisera. Results similar to those ob- 
served with the anti-phospho Ser»' antibody 
were obtained when the blots were probed 
with anti-phospho Ser' 3 antibody. Marked po- 
tentiation of the effect of NEMO on c-Jun 
phosphorylation was similarly observed in 
cells that, together with NEMO, overex- 
pressed the p55 TNF receptor, the p75 TNF 
receptor, TRADD, RIP, TRAF2, or NIK. 



Recruitment of the IKK complex to the receptor occurs 
soon after TNF application. It precedes receptor uptake 
(Figure 2E) and reaches almost its maximal extent within 
2 min of TNF application. It therefore seems reasonable 
to assume that this recruitment constitutes an early 
event in the activation of the IKKs by the receptor This 
notion is consistent with the knowledge that RIP, the 
molecule responsible for the recruitment, is required for 
NF-kB activation by the p55 receptor (Ting et al., 1996; 
Kelliher et al,, 1998). It is also consistent with the evi- 
dence that the region in RIP that is involved in the recruit- 
ment (the intermediate domain) is the region known to 
be crucial for NF-kB activation (Hsu et al„ 1996a; Ting 
et al., 1996). However, the phosphorylation of IkB by 
the kinases found in the receptor complex after TNF 
stimulation is much less effective than the phosphoryla- 
tion observed with the kinase complex recovered from 
the whole cell lysate (Figure 3). Moreover, in cells that 
express A20, activation of the IKKs is blocked, in spite 
of their recruitment to the receptor. It seems likely that 
the recruitment does not suffice for full activation and 
that there is a need for some further modulation of the 
signalosome after its release from the receptor (Fig- 
ure 6). 

A process in which the IKK complex is repeatedly 
recruited and then released from the p55 receptor re- 
quires dynamic modulation of proteins that are involved 
in the recruitment. It was therefore particularly interest- 
ing to find that RIP, the protein through which this re- 
cruitment occurs, appears to be subject to some kind 



of rapid covalent modification, which is restricted to 
those RIP molecules that have associated with the re- 
ceptor. This modification of RIP is reminiscent of a modi- 
fication of IRAK, a serine threonine kinase that seems 
to play a role similar to that of RIP in the IL1 -induced 
NF-kB activation cascade; namely, it links the receptor 
reversibly to molecules that act downstream in the sig- 
naling pathway (Cao et al., 1996). In the case of IRAK, 
these induced covalent changes could be shown to cor- 
respond to ubiquitination of the protein, which leads to 
its proteasomal degradation (Yamin and Miller, 1997; Li 
et al., 1999). The "ladder"-like appearance of the modi- 
fied RIP molecule, which is characteristic of ubiquiti- 
nated proteins, suggests that it is subject to the same 
kind of modulation. 

While the binding of RIP to NEMO may initiate the 
activation of the IKK complex by TNF, the binding of 
AZO to NEMO is likely to contribute to the inhibition of 
NF-kB by AZO. The direct association of AZO with a core 
component of the IKK complex is consistent with the 
ability of this protein to suppress the activation of NF- 
kB by at least two different cytokines, TNF and I LI (Jaat- 
tela et al., 1996), which employ distinct signaling path- 
ways. The binding of AZO to TRAFZ, an adapter protein 
found in the signaling complex induced by TNF but not 
in that induced by IL1, may specifically contribute to the 
inhibitory effect of AZO on TNF signaling. It is not crucial, 
however, since an AZO mutant that is incapable of TRAFZ 
binding can still block NF-kB activation by TNF (Song 
et al., 1996). It is likely that AZO affects the function of 




Figure 6. Diagrammatic Representation of trie Protein Interactions Suggested to Take Part in the Recruitment of the Signalosome to the p55 
TNf : Receptor 



the TNF receptor by more than one mechanism. Thus, 
while in the present study we observed inhibition of IkB 
phosphorylation in response to this protein, in another 
study it was shown that A20 can also inhibit the function 
of NF-kB at a step subsequent to IkB degradation (Hey- 
ninck et al„ 1999). The mechanisms for these effects 
remain to be clarified. Two observations in the present 
study provide conflicting clues to the mechanism(s) by 
which A20 may inhibit IkB phosphorylation: (1) the inhibi- 
tory effect of A20 on NF-kB activation could be over- 
come by overexpressing NIK (also see Heyninck et al., 
1999) and to some extent also by MEKK1, raising the 
possibility that A20 restricts the accessibility of the IKKs 
to these IKK-activating kinases; (2) while inhibiting the 
phosphorylation of IkB, A20 seems to augment IKK 
phosphorylation (Figure 4C), a process that may result 
in inhibition of these enzymes (Delhase et al,, 1999). 

Previous studies have indicated that NEMO plays an 
important role in the regulation of IKK function but give 
no clue as to the mechanisms by which this molecule 
acts (Yamaoka et al., 1998; Rothwarf et al., 1998; Li 
et al., 1999; Mercurio et al., 1999). The present study 
suggests that NEMO acts to link the IKKs to regulatory 
molecules and does so in a way that allows them to 



affect IKK function. There are, in principle, two ways in 
which such linkage may result in functional modulation. 
The mere translocation of the signalosome complex to 
the vicinity of other proteins may allow them to modulate 
IKK function. Its recruitment to the receptor may bring 
the IKKs into close proximity with kinases, such as NIK 
or MEKK1, which seem to associate with the receptor 
and have the capacity to phosphorylate and thus acti- 
vate the IKKs(Leeetal., 1997; Lingetal., 1998). Likewise, 
the physical association of A20 and the complex may 
allow proteins associated with A20 (De Valck et al„ 1 999; 
Heyninck et al., 1999) to exert inhibitory effects on IKK 
function. 

Alternatively, NEMO may act as a transduction ele- 
ment. Its binding to regulatory proteins may induce con- 
formational changes in NEMO, which in turn transmit 
inhibitory or stimulatory effects to its associated IKKs. 

A rather surprising finding was the marked site-spe- 
cific (Ser"/Ser' 3 ) phosphorylation of c-Jun in cells over- 
expressing NEMO. The effect of NEMO was synergistic 
with that of TNF and occurred without any increase in 
the phosphorylation of JNK at its activation sites (Thr ,B V 
Tyr ,8i ). It thus appears to involve a mechanism distinct 
from the one thought to account for the effect of TNF 
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on c-Jun phosphorylation. It may perhaps occur through 
activation of JIM K by a mechanism other than its phos- 
phorylation, or by activation of another as yet unknown 
Jun kinase, or by inhibition of a Jun phosphatase. Al- 
though it is difficult to place this unexpected overex- 
pression effect in the context of the normal functioning 
of the signalosome, its existence indicates that NF-kB 
activation is not the sole signaling role of this complex 
A role of the signalosome in controlling c-Jun phosphor- 
ylation was also indicated in a previous study in which 
NIK, a protein kinase that seems to play an important 
role in the activation of the signalosome, was shown 
to have the capacity to activate AP1, a transcription 
complex containing c-Jun, by a mechanism that seems 
to be independent of enhanced Jun kinase activity (Na- 
tolietal., 1997). 

While the function of RIP, to which NEMO was found 
to bind, is most probably restricted to the signaling activ- 
ity of the TNF receptors, the function of NEMO itself is 
certainly not restricted to signaling induction by TNF. 
Rather, it acts as a general regulator of signalosome 
function (Yamaoka et al., 1998) It thus seems possible 
that, besides binding RIP, NEMO has the ability to inter- 
act with components of various other signaling path- 
ways, in each case imposing translocation of the core 
signalosome to another signaling complex and transmit- 
ting the regulatory effects of these different complexes 
on its functions. 

Experimental Procedures 
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VI clone (Gosson and Uujard. 1992), and 
/ (Hf.K) 2931 cells were grown in Dulbocco's 
! rsscnn.il mislium supplrmcnii ! ..nth 1 ■; 
fetal calf serum. 100 U/ml penicillin, and 100 ng/ml streptomycin 
Theanti-FLAG e~ - - j ■- ^ _ -">* ".' j . 

H *> ep^cpo ;;•=<! o-- c:-j-,;ji z '■ 5 u"a 'i' ' •:.. •> 
anti-MA epitope mAb 12CA5 was from Boe-hnnger Mannheim, The 
-.c-Si- a an'.-KK. r ' .r --_'* ,-gen (San Diego, 

CA). Rabbit anti-NEMO and anti-HA polyclonal antibodies were from 
Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit anti-IKK2 anti- 
body was a gift from Dr. A. Manning, Signal Pharmaceuticals (San 
Diego, CA). The rabbit antiserum and mAbs (clones number 34 and 
39) against the p55 TNF receptor extracellular domain were pro- 
duced in our laboratory (Engelmann et al., 1990a, 1990b). The rabbit 
polyclonal anti-total IxBa, anti-total c-Jun, anti-phospho c-Jun 
(Ser 63 ), anti-phospho c-Jun (Ser"), and anti-phospho JNK1/2/3 
(Thr ,,J /Tyr" s ) antibodies were purchased from New England Biolabs 
(Beverly, MA). Recombinant human TNF was a gift from Dr. G. Adolf, 
Boehrlnger Institute, Vienna, Austria 

Expression Vectors 

The cDNAs for human p55 TNF receptor, RIP, TRAF2, NEMO, A20, 
and NIK were cloned into the pcDNA3 vector (Invitrogen, Carlsbad, 
CA) with or without an additional 5' sequence encoding the FLAG, 
HA, or His epitope. I he expression vector for the antisense of NEMO 
was kindly provided by Drs. David Rothwarf and Michael Karin (San 
Diego, CA), for the catalytic domain of MEKK1 (residues 360-672) 
by Drs. Michael Kracht ana Helmut I Icitma-n (Hannover, Germany), 
and for SEK1(K129R) by Dr. Rony Segor (Rehovot. Israel). I'he 
N-termlnal deletion mutant of RIP (559-671) expression plasmid was 
generated by PCR. 

Yeast Two-Hybrid Screening 

The cDNA corresponding to the complete ORF of human RIP was 
cloned into the GAL4 DNA-binding domain vector pGBT9 (Clontech, 
Palo Alto, CA). The resulting plasmid pGBT9-RIP was used as bait 



in a two-hybrid screen of a human B cell cDNA library (Clontech) in 
Saccharomyces cerev/.s/ae HI'/c The isolation of positive clones 
and subsequent two-hybrid interaction analyses were performed 
according to the manufacturer's instructions (Matchmaker Two- 
Hybrid System Protocol, Clontech). The binding properties of NEMO 
and A20 as well as or the other examined proteins were assessed 
in the yeast SFY526 reporter strain (Clontech) using the pGBT9 
GAL4-DBD and pGAD GH GAL 4- AD vectors. Deletion constructs 
for two-hybrid mapping were made by PCR. 

Reporter Gene Assays 

HEK 293T cells (2 x 10 s cells/well) were seeded into 35 mm plates. 
On the following day, cells were transfected by the calcium phos- 
phate precipitation method (Sambrook et al., 1989). Each dish was 
transfected with 1 p.g HIV LTR-luclferase, 1 ng pSV-p-galactosidase, 

1 expression vector for the tested protein and, when indicated, 

2 ^g HA-A20 expression vector (pcHA-A20). The amount of trans- 
fected DNA was kept constant (5 mg/well) by supplementation with 
pcDNA3 "empty" vector. Twenty-four hours after transfection, the 
cells were treated, whenever indicated, for 4 hr with TNF (100 ng/ 
ml), then rinsed twice with phosphate-buffered saline (PBS) and 
harvested. Reporter gene activity was determined with the luciferase 
assay system (Promega, Madison, Wl). (4-galactosidase activity was 
measured to normalize transfection efficiencies. 
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pressed by transfected constructs, we used HEK 293T ci 
are highly transfectable and express the transfected c< 
very high levels. The HEK 293T cells, however, express very little 
p55 TNF receptor. The interactions of endogenous proteins and 
their recruitment to the p55 TNF receptor were therefore assessed 
using HeLa colls. In experiments aimed at assessing the effects of 
transfected proteins on the endogenous proteins, we used the 
HtTA-1 clone of HeLa cells, which is effectively transfectable (>50% 
of the cells), or the HEK 293T colls. In other experiments we preferred 
the HeLa S3 variant, since for some reason the background of pro- 
teins nonspocifically recovered in the immunoprecipitation proce- 
dure was particu'a'-'v 'ova '."." ,h 'ysa's-s of these specific cells. In the 
o- - '-r , sons ' 3.— sow -S against A20, we could detect 
it only by transfection of constructs for A20 fused with FLAG or HA 
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(0.5-2 x 10") were rinsed in warm PBS and incubated for 5 or 10 
mm in the presence or absence ol 1 Nl (100 ng/ml). Cells were lysed 
for 45 min at 4°C in 1 ml lysis buffer (20 mM Tris-HCI [pH 7.5], 150 
mM NaCI, 1% Triton X-100, 1 mM EDTA, 30 mM NaF, 2 mM sodium 
pyrophosphate, ix protease inhibitor cocktail (Complete, Boeh- 
rlnger Mannheim)). Cellular debris was removed by centrifugation, 
performed twice at 10,000 x g for 5 min. The cell lysates were 
precleared with 50 |i.l protein A-Sepharose beads and then incu- 
bated for 2 hr at 4°C with 2 u.g anti-p55 TNF receptor polyclonal 
antibodies, 8 p-g antl-p55 TNF receptor mAb 34 plus mAb 39 (1:1), 
or 2 u.g anti-NEMO polyclonal antibodies, then mixed with 40 |i.l 
of a slurry or protein G-Sepharose (Pharmacia, 1:1 with PBS) and 
incubated for another 2 hr. The Sepharose beads were washed 
twice with 1 ml lysis buffer, twice with 1 ml high-salt (1 M NaCI) 
lysis buffer, and twice more with the regular lysis buffer. Allquots 
corresponding to one-fourth of each sample were fractionated on 
10% SDS-PAGE and transferred t 
probed with the indicated Abs. The antib 



horseradish peroxidase-coupled sheep anti-mouse or anti-rabbit 
immunoglobulin, using the enhanced chemiluminescence (ECL) 
Western blotting detection system (Amersham, Little Chalfont, UK), 

For coimmunoprecipitation of transfected proteins, HEK 293T 
cells (2 x io 6 ) were plated on 10 cm dishes and on the following 
day were transfected by the calcium phosphate precipitation 
n I v.itl i i >( on plasmids keeping the total 

amount of DNA constant (10 jg/dish) by supplementation with 
pcDNA3 vector. After 24 hr the cells were rinsed once with PBS and 
lysed in 1 ml lysis buffer (50 mM HEPES-NaOH [pH 7.6], 250 mM 



Immunity 



NaCI, 0.1% NP-40, 5 mM EDTA). Lysatos were incubated with 1 ag 
ami FLAG, anti-His, or control mouse IgG at 4°C (or 2 hr. The lysates 
were mixed with 25 |d of a 1:1 slurry of protein G-Sepharose and 
incubated for 2 hr. The Seph i b 1 n ,\ashed with lysis 
buffer and then subjected to 10% SDS-PAGE and Western analysis 
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n of A20 with the p55 TNF receptor 
complex and its ellect on the lecruitment of IKK1 to the receptor 
and to examine the effect of NEMO on IKK1 recruitment, HEK 293T 
cells were seeded on 10 cm plates (2 10' /plate). On the following 
day they were transfected by the calcium phosphate precipitation 
me nod with the indicated expression plasmids, applying a total of 
25 t i.g DNA/plate. After 24 hr, cells were pooled in batches of five 
plates MO' cells) and lysed in 1 ml lysis buffer. Immunoprecipita- 
tioi is were performed as described above for the coimmunoprecipi- 
tation of endogenous proteins, using 2 |ig anti-p55 TNF receptor 
polyclonal antibodies. In all cases presented, immunoprecipitation 
was performed at least thrice, with qualitatively identical results. 

Hel a S3 cells (5 x lO'/sample) were stimulated with TNF (20 ng/ 
ml) lor 10 min or left untreated. Cell lysates were subjected to immu- 
th 2 n-g anti-p55 TNF receptor or 1 |j.g anti-NEMO 
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20 ,i.l kinase buffer supplemented with 10 u-Ci [-y- B P]ATP and 1 ng 
bauerially expressed GST-IkBu (1-54). The reaction was stopped 

with 20 m-I SDS sample buffer, boiled for 5 min. fractionated on 10% 
SDS-PAGE, and visualized by autoradiography. 

I o examine the effect of A20 on IKK Kinase activity, HeLa HtTA- 1 
cells were plated on 15 cm dishes (5 * lO'/aish) and transfected 
with the appropriate expression plasmids (a total of 30 mg DNA/ 
dish) by the calcium phosphate precipitation method After 24 hr, 
cens were stimulated with TNF (20 ng/ml) for 10 mm. Dishes were 
paired anil then cells ( 10') lysed in 1 ml ly bull t inmun p 
tations were performed using 1 ng anti NFMO polyclonal antibody, 
and the kinase assay was performed at 
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Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) (Apo2 ligand [Apo2L]) is a mem- 
ber of the TNF superfamily and has been shown to have selective antitumor activity. Although it is known that 
TRAIL (Apo2L) induces apoptosis and activates NF-kB and Jun N-terminal kinase (JNK) through receptors 
such as TRAIL-R1 (DR4) and TRAIL- R2 (DR5), the components of its signaling cascade have not been well 
defined. In this report, we demonstrated that the death domain kinase RIP is essential for TRAIL-induced IkB 
kinase (IKK) and JNK activation. We found that ectopic expression of the dominant negative mutant RIP, 
RIP(559-671), blocks TRAIL-induced IKK and JNK activation. In the RIP null fibroblasts, TRAIL failed to 
activate IKK and only partially activated JNK. The endogenous RIP protein was detected by immunoprecipi- 
tation in the TRAIL-R1 complex after TRAIL treatment. More importantly, we found that RIP is not involved 
in TRAIL-induced apoptosis. In addition, we also demonstrated that the TNF receptor-associated factor 2 
(TRAF2) plays little role in TRAIL-induced IKK activation although it is required for TRAIL-mediated JNK 
activation. These results indicated that the death domain kinase RIP, a key factor in TNF signaling, also plays 
a pivotal role in TRAIL-induced IKK and JNK activation. 



Tumor necrosis factor (TNF)-related apoptosis-inducing li- 
gand (TRAIL) (Apo2 ligand [ Apo2LJ) is a member of the TNF 
superfamily, which includes TNF, FasL, lymphotoxin, CD27L, 
OX40, CD30L, and CD40L (1, 30, 40). All members in this 
superfamily are type II membrane proteins, and many of them 
arc involved in variety of cellular processes, including ce" 
proliferation, differentiation, and apoptosis (42, 44). Unlike 
other members, whose expression is transitorily regulated and 
j.'.ae: \ liter' i^u^ TRAII A- 2L - _ > 
tively expressed in most types of tissues and cells (25, 34, 49). 
It is believed that, like the active forms of TNF and FasL, the 
active form of TRAIL is a trimer (15, 28). Five proteins, 
TRAIL-R1 (DR4), TRAIL-R2 (DR5), TRAIL- R3 (DcRl), 
TRAIL-R4 (DcR2), and osteoprotegerin, have been identified 
as TRAIL receptors (9, 32, 33). Among these receptors, 
TRAIL-R1, TRAIL-R2, and TRAIL- R4 are type I membrane 
proteins and belong to the TNF receptor (TNF-R) superfamily 
(38, 47). Like TNF-R1 and Fas, which are known as death 
receptors, TRAIL-R1 and TRAIL- R2 also contain a death 
domain in their cytoplasmic region and are able to transduce a 
TRAIL-induced death signal (5, 6, 33, 37). TRAIL-R4 only has 
a truncated death domain and functions as a decoy receptor to 
block TRAIL-induced apoptosis (32). TRAIL-R3 is also a 
decoy receptor because it lacks a cytoplasmic region (38). Re- 
cently, it has been shown that osteoprotegerin, which was orig- 
inally identified as a regulator of bone density, is able to bind 
to TRAIL (9). 
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Upon binding to TRAIL-R1, TRAIL-R2, or TRAIL-R4, 
TRAIL can also activate the transcriptional factor NF-kB and 
c-Jun N-terminal kinase (JNK) (5, 6, 29, 37). In response to 
many stimuli such as TNF and interleukin-1 (IL-1), the acti- 
vation of NF-kB is mediated through IkB kinase (IKK) and 
JNK is activated through the mitogen-activated protein kinase 
cascade, namely, JNKK1 (MKK4) and MEKK1 (8, 18, 24, 26, 
27, 35). The activation of JNK is a major regulatory step to 
activate the transcription factor AP-1 (18). Inactive NF-kB is 
located in the cytoplasm because its interaction with the inhib- 
itory proteins, IkBs, masks its nuclear translocation signal (3, 
39). When IKK is activated, it phosphorylates IkBs. Then the 
phosphorylated IkBs will be polyubiquitinated and rapidly de- 
graded by the proteasome (3). The degradation of IkBs leads 
to the release of NF-kB and allows NF-kB to translocate into 
the nucleus and to activate its target genes, some of which are 
the crucial mediators of the NF-kB antiapoptotic function (4, 
23, 43, 48). It has been found that NF-kB activation also 
protects cells against TRAIL-induced apoptosis (16, 17). 

Although some effort has been made to elucidate the mo- 
lecular mechanism of TRAIL signaling, the components of 
different TRAIL signaling pathways are still largely undefined, 
despite the fact that the possible role of TRADD (TNF-R1- 
associated death domain protein), FADD (Fas-associated 
death domain factor), TRAF2 (TNFR-associated factor 2), or 
RIP (receptor-interacting protein) in TRAIL signaling has 
been suggested (1). All of these four proteins are known to be 
essential for TNF-R 1 signaling: (i) TRADD serves as an 
adapter molecule that recruits other proteins into the TNF-R1 
complex (11-13); (ii) FADD is required for TNF-induced apo- 
ptosis (50, 53); (iii) RIP is essential for TNF-mediated NF-kB 
activation (20, 41); and (iv) TRAF2 mediates TNF-induced 
JNK activation (21, 23, 31, 36, 51). In this study, we investi- 
gated the role of RIP and TRAF2 in TRAIL signaling, espe- 
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dally TRAIL-mediated IKK and JNK activation. Using RIP"'" 
and TRAF2 W " fibroblasts, we demonstrated that RIP is es- 
sential for TRAIL-induced IKK activation, and both RIP and 
TRAF2 are involved in TRAIL-mediated JNK activation. 
However, neither RIP nor TRAF2 is required for TRAIL- 
induced apoptosis. 

MATERIALS AND METHODS 
Reagents and plasmids. Soluble recombinant human TRAIL was purchased 
from Biomol. ( ilul alhionc .V-lramlcraw (GS1>TRAIL was expressed and pu- 
rified I rum liiclurii-hiu cull as described elsewhere (14). Aniibodrcs specific lo 
RIP, DR4, c-Myc, and JNK1 were purchased from Pharmingen. Anti-FADD 
antibody was from Transduction Laboratories Antibodies directed against 
TKADD IKKn, IKKJi. IkHu, a l epit pe (HA) were from Santa 

Cruz Biotechnology. Anti-phospho-lKUi, antibiKlv was Irom New England Bio- 
labs. Anli-I-lac anlibodv (M2) was iron. Siuma The mammalian expression 
plasmids for RIP. K!P(55f-b7 1 ). TRAF2. J'KAI 2(87 501). CrmA, I-ADD. 
TKADD, DK4. HA-JNKI, and HA-IKKji have been previously described (12, 
13, 23, 32, 52). 

Cell culture and transl'eetiun. I IcLa, 1 IHK2<).\ and mouse libroblasl cells were 
cultured in Dulbecco's modified Eagle's medium supplemented with 10% calf 

in n.M gliilanun n i It t I in i rcj i i II il , u 
Cells were transicctcd with I .ipoleclamme (Gibcn) ;is descr ibed previously l 22) 

Western blot analysis and coimmunoprecipitation. After treatment with dif- 
ferent rea cuts is i 1 1 ' lit ii nds cells were collected and Ivsed 
in M2 buffer (20 mM Tris [pH 7], 0.5% NP-40, 250 mM NaCI, 3 mM EDTA, 3 
mM EGTA, 2 mM dilliiollireilol, 11.5 mM phenylmelhylsullonyl lluoride. J.I n.M 
0-gh/cerol phosphate, 1 mM sodium vanadate, 1 (ig of leupeptin/ml). Fifty 
micrograms of the cell lysalc liom each sample was I raclioii.it e J ny sodiuin 
dodecyl sulfale-polvacrylanndc .eel electrophoresis l S1X5- PACi E ) and Western 
blotted. The proteins were Msuali/ed In enhanced chciniluininescenee as in- 
structed by | be nianulacl.uer ( Ainersham ) (22). for immunoprecipitation assays 
.)! Iranslecled proteins 1 IHK2').i ceils were transiently ciitranslccl ed Willi dillei- 
ent plasmids and then lysed in lysis buffer (20 mM Tris-HCl [pH 7.5), 150 mM 
NaCI, 1% Triton X-100, 1 mM EDTA, 30 mM NaF, 2 mM sodium pyrophos- 
phate, 10 u,g of aprotinin/ml, 10 ixg of leupeptin nil) The expression of each 
iranslecled prolein was verified by Western blotting 'file immunopi ecipilal ion 
experiments were performed with anti-Hai! ai ' >Jv (M ' .'id protein A-Sepha- 
rose beads by incubation at 4°C overnight. The beads were washed three times 
with lysis buffer, and the bound proteins were resolved by SDS-PAGE on a 10% 
gel. Detection was accomplished by Western blot analysis (22). For immunopre- 
cipllalioii assays ol endogenous proteins, 5 • III" llei.a cells were ire. .ted with 
TRAIL (1 p-g/ml) for 30 min as indicated in the legend to Fig. 6. The cells were 
then lysed in lysis buffer and precipitated with 2 Lie ol :nui-DR4 antibody as 

Kinase assays. HeLa cells or mouse fibroblasts (5 x id 5 ) were treated with 
TRAIL or GST- TRAIL, rc.isectr.c->. a, devr.red in the figure legends. Cells 
„ t „ ^ * KK vemptex and JNK1 were 

immunoprecipitated with anti-IKKa and ami- JNK! antibodies, respectively. IKK 
and JNK kinase activities were determined by using 2 ug of GS P-kfitil i 54) anil 
GS'l -e-Jim| I ■>'!), i cspeetively, as substrates. 

Triinsfected cells were collected in 300 u.1 of M2 1 sis h ail ins 
fection as described elsewhere (23). HA-JNKI and HA-IKK[i were immunopre- 
cipitated with HA antibody, and their kinase activities were determined as 
described above. 
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FIG. 1. Activation of IKK and JNK in HeLa cells by TRAIL. (A) Time 
course of IkBu degradation in TRAIL-treated HeLa cells. Cells were treated 
v,:'h [RAIL '. ^b; ; and incubated for the indicated time periods. UBa and 
"\ - .. - - 1 . - • analysis. (B) Time course of IKK activa- 

tion in TRAIL-treated HeLa cells. Cells were treated with TRAIL and collected 
in lysis buffer. Then IKKri expression was detected by Western blotting (bottom), 
and its activity was measured by an IKK assay (top). (C) HeLa cells were treated 
with TRAIL (1 ii.g/ml) and uvuftiitej />>.- the .nd.cated time periods. IttBa and 
phospho-IxBa were detected by Western blot analysis. (D) Time course of JNK 
activation in TRAIL-trealed HeLa cells. Cells were treated as indicated; then 
JNKI expression or activity from each sample was measured by Western blotting 
(bottom) or kinase assay (top), respectively. 



RESULTS 

TRAIL induces IKK and JNK activation in HeLa cells. 

Upon NF-KB-inducing stimulation, IkBcx is phosphorylated by 
IKK and degraded in the proteasome. To investigate whether 
TRAIL induces IKK activation, a time course of TRAIL treat- 
ment in HeLa cells was conducted, and the levels of IkBot 
protein were detected at different time points after treatment 
by Western blotting. We found that the IkBcx protein level 
began to decline after 45 min of TRAIL treatment and started 
to recover by 120 min of treatment; the FADD protein level, 
measured as a control, showed no significant change (Fig. 1A). 
Then we tested whether TRAIL-induced IkBcx degradation is 
induced by IKK. To do this, we treated HeLa cells with TRAIL 
for different times and measured the IKK activity of each 
sample by in vitro kinase assay with GST-IkBcx(1-54) as the 
substrate (52). As shown in Fig. IB, IKK activity started to 
increase after 30 min of treatment and peaked at 45 min 
posttreatment. Although the kinetics of TRAIL-induced IKK 



is slower than the kinetics of TNF treatment (8), TRAIL po- 
tently activates IKK, suggesting that TRAIL induces IkB deg- 
radation through the IKK pathway. This conclusion is further 
supported by the observation that IkBcx is phosphorylated at 
Ser32 following TRAIL treatment (Fig. 1C). The ability of 
TRAIL to induce JNK activation was also measured in HeLa 
cells by in vitro kinase assay with GST-c-Jun(l-79) as the 
substrate (23). Again, TRAIL induced a slower but similar 
extent of JNK activation as TNF does in HeLa cells (Fig. ID). 
These results indicated that TRAIL, like TNF, activated IKK 
and JNK in HeLa cells. 

The dominant negative mutant of RIP, RIP(559-671), 
blocked TRAIL-induced IKK and JNK activation. RIP and 
TRAF2 are essential for TNF-induced activation of NF-kB 
and JNK (20-23, 31, 36, 41, 51). It has been suggested that 
TRAF2 plays a similar role in TRAIL-R1- and TRAIL-- 
mediated NF-kB and JNK activation (14). To investigate 
whether TRAIL-induced IKK activation is mediated by RIP, 
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we tested the effect of the dominant negative mutant of RIP, 
RIP(559-671), on TRAIL-induced IKK activation in HeLa 
cells. The role of TRAF2 on TRAIL-induced IKK activation in 
HeLa cells was also evaluated by overexpression of the domi- 
nant negative mutant of TRAF2, TRAF2(87-501). HA-tagged 
IKKp was cotransfected with the RIP(559-671) or TRAF2(87- 
501) expression vector, and its kinase activity was measured by 
in vitro kinase assay after immunoprecipitation with the an- 
ti-HA antibody. In the case of RIP(559-671), the expression 
vector for the cowpox virus protein CrmA, a potent apoptosis 
inhibitor, was also included in order to inhibit RIP(559-671)- 
induced apoptosis. As shown in Fig. 2A, the ectopic expression 
of RIP(559-671) almost completely abolished TRAIL-induced 
IKK activation (top panel, lane 3), while overexpression of 
TRAF2(87-501) only partially inhibited IKK activation after 
TRAIL treatment (top panel, lane 4). As controls, the CrmA, 
wild-type (wt) RIP, or wt TRAF2 expression vector was also 
used to cotransfect cells with HA-IKKp. The expression of 
CrmA, wt RIP, or TRAF2 has no effect on TRAIL-induced 
IKK activation (data not shown). The expression level of HA- 
IKKp, RIP(559-671), or Flag-TRAF2(87-501) was detected 
with anti-HA, anti-RIP, or anti-Flag antibody, respectively. To 
understand the roles of RIP and TRAF2 in TRAIL-mediated 
JNK activation, cotransfection experiments were performed 
with HA-JNK1 and RIP(559-67I) or TRAF2(87-501) as de- 
scribed above. HA-JNK1 was immunoprecipitated with the 
anti-HA antibody, and its kinase activity was determined by in 
vitro kinase assay. In the presence of either RIP(559-671) or 
TRAF2(87-501), as detected by Western blotting with anti- 
RIP or anti-Flag antibody (Fig. 2B), TRAIL-induced JNK 
activation was completely blocked (Fig. 2B, top). The expres- 
sion level of HA- JNK was measured by Western blotting with 
the anti-HA antibody. The CrmA, wt RIP, and wt TRAF2 
expression vectors were used as controls. The presence of 
CrmA, wt RIP, or wt TRAF2 has no effect on TRAIL-induced 
JNK activation (data not shown). ' 
ectopic expression of the dominar 
tently disrupted TRAIL-induced ; 
JNK, implying that RIP may play a 
and JNK activation by TRAIL tr< 
overexprcs] - i _ ~ - i_ ti " -TRAF2had 
[ii * t usr ft - >."■-- . r. i RAIL-. - - ^ JM\ . r. 
than on IKK activation, the function of TRAF2 may be more 
critical for JNK activation than for IKK activation by TRAIL. 

TRAIL failed to induce IKK activation in RIP fibro- 
blasts, while TRAIL-induced JNK activation was impaired in 
both RIP and TRAF2 /_ cells. To further evaluate the 
roles of RIP and TRAF2 in TRAIL-induced NF-kB activation, 
we investigated IkB degradation by Western blotting and IKK 
activation by in vitro kinase assay in response to TRAIL treat- 
ment in RIP^ and TRAF2^ mouse fibroblasts. The wt 
fibroblasts were used as controls. In these experiments, GST- 
TRAIL, instead of TRAIL, was used to treat cells, as it exerted 
better activity in mouse fibroblasts (data not shown). In the wt 
cells, IkBcx degradation was detectable by 15 min after treat- 
ment, and most degradation was observed by 30 min after 
TRAIL treatment (Fig. 3A, top). The IkBo: level returned to 
its normal level by 75 min after TRAIL treatment. In 
TRAF2~ / ~ cells, IkBol degradation showed similar kinetics 
(Fig. 3A, middle). However, there was no detectable degrada- 
tion of the IkBqi protein in the RIP W ~ cells after TRAIL 
treatment (Fig. 3A, bottom). The activation of IKK in these 
cells was also determined. TRAIL treatment efficiently acti- 
vated IKK in both wt and TRAF2^^ cells (Fig. 3B, top). In 
contrast, TRAIL-induced IKK activation was barely detected 
in RIP~'~ cells. Since comparable expression levels of IKKa, 
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IKKp, and one of the major TRAIL receptors, TRAIL-R1, 
were detected in these three types of cells (Fig. 3B [middle 
panels] and data not shown), it is unlikely that the decrease of 
IKK activation in RIP"'" cells resulted from the altered ex- 
pression of IKK or TRAIL receptor. The protein levels of RIP 
and TRAF2 were also measured by Western blotting (Fig. 3B, 
bottom). Furthermore, the absence of the IKK activation in 
RIP"'" cells is TRAIL specific, because these RIP"'" cells 
displayed normal IL-l-induced IKK activation as the wt and 
TRAF2"'" cells did (Fig. 3C). Taken together, these results 
further supported the observation from the transient transfec- 
tion experiments: RIP, not TRAF2, plays an essential role in 
TRAIL-induced IKK activation. 

Similarly, we used RIP"'" and TRAF2"'" fibroblasts to 
further determine the functions of RIP and TRAF2 in TRAIL- 
induced JNK activation. TRAIL activated JNK efficiently in wt 
fibroblasts, but only marginally in both RIP" 7 " and TRAF2" 7 " 
cells (Fig. 4A, top). Similar levels of JNK1 expression in these 
cells were detected (Fig. 4A, bottom). These results suggested 
that both RIP and TRAF2 are required for transducing the 
TRAIL signal to fully activate JNK. The defectiveness of JNK 
activation in RIP"'" and TRAF2"'" cells was specific to 
TRAIL treatment because those RIP"'" and TRAF2~ / ~ cells 
responded to IL-1 and UV treatment as efficiently as the wt 
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and Methods. Nontreated cells served as controls. (B) Wild-type, RIP , 
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cells did in terms of JNK activation (Fig. 4B and data i 
shown). 

To rule out the possibility that some other defects in the 
signaling pathway of TRAIL-induced IKK or JNK activation 
are present in RIP" 7 " or TRAF2"'~ cells, we tested whether 
TRAIL-induced IKK or JNK activation could be reconstituted 
in those cells. To examine the reconstitution of TRAIL-in- 
duced IKK activation, the expression vector for either Myc- 
RIP or Flag-TRAF2 was cotransfected with HA-IKK0 into 
RIP" 7 " or TRAF2" / - cells, respectively. Following treatment 
with GST-TRAIL, the transfected HA-IKKp was immunopre- 
cipitated for in vitro kinase assay. As shown in Fig. 5A, RIP 
expression could restore the IKK activation in response to 
TRAIL treatment in RIP"'" cells. Since TRAIL-induced IKK 
activation was normal in TRAF2"'" cells (Fig. 3B), the expres- 
sion of TRAF2 had little effect on TRAIL-induced IKK acti- 
vation in TRAF2"'™ cells. Similarly, we also ectopically ex- 
pressed Myc-RIP or Flag-TRAF2 with HA-JNK1 in RIP"'" or 
TRAF2"'" cells, respectively, in order to measure the recon- 
stitution of TRAIL-induced JNK activation. In these experi- 
ments, HA-JNK1 was immunoprecipitated for in vitro kinase 
assay. As shown in Fig. 5B, the expression of RIP in RTP - ' - 
cells or the expression of TRAF2 in TRAF2"'" cells restored 
JNK activation in response to TRAIL. These results indicated 
that the defects in TRAIL-induced IKK or JNK activation in 
RIP"'" and TRAF2"'" cells are due to the absence of RIP or 
TRAF2. 

RIP is a component of the TRAIL-R1 signaling complex. It 

is believed that as for TNF, TRAIL ligation initiates its recep- 
tors' trimerization and that this aggregation of TRAIL recep- 
tors leads to the recruitment of downstream effector molecules 
to the receptor signaling complex (1, 15, 28). Since our data 
suggested that RIP is essential in TRAIL-induced activation of 
both IKK and JNK, it might be a component of the TRAIL 
receptor complex. To test this possibility, we first investigated 
whether RIP interacts with TRAIL receptors by ectopic ex- 
pression of RIP and TRAIL-R1 in HEK293 cells. Because RIP 
is recruited to the TNF-R1 complex through TRADD and it 
has been suggested that FADD is involved in RIP-TRAIL-R1 
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interaction, we also studied the interaction between RIP and 
TRAIL-R1 in the presence of TRADD, FADD, or both. In 
each experiment, Flag-tagged TRAIL-R1 was immunoprecipi- 
tated with anti-Flag antibody and the immunoprecipitates were 
analyzed by Western blotting with an anti-RIP antibody. As 
shown in Fig. 6A, although RIP and TRAIL-R1 were ex- 
pressed at similar levels in each transfection, RIP was not 
coprecipitated with Flag-TRAIL-Rl (lane 2). Even in the pres- 
ence of FADD or TRADD, immunoprecipitation of Flag- 



TRAIL-R1 failed to pull down RIP (lanes 3 and 4). However, 
RIP was efficiently coprecipitated with Flag-TRAIL-Rl when 
both FADD and TRADD were coexpressed with TRAIL-R1 
(lane 5). As a control, when TRAIL-R1 was not coexpressed 
with RIP, FADD, and TRADD, RIP was not precipitated 
(lane 6). These results suggested that RIP binds to TRAIL- Rl 
indirectly. To test whether endogenous RIP is recruited to the 
TRAIL-R1 complex, we performed coimmunoprecipitation 
experiments to analyze the TRAIL-R1 complex with cell 
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extracts derived from HeLa cells with or without TRAIL treat- 
ment. In these experiments, endogenous TRAIL-R1 was im- 
munoprecipitated with anti-DR4 antibody, and the immuno- 
precipitates were analyzed with different antibodies. As shown 
in Fig. 6B, while RIP was not coprecipitated by anti-DR4 
antibody from the nontreated cell extract (lane 3), RIP was 
present in the TRAIL-R1 complex that was immunoprecipi- 
tated from the cell extract with TRAIL treatment (lane 6). The 
control antibody, anti-HA, failed to pull down RIP (lanes 2 and 
5). However, no TRADD and FADD were detected in the 
same TRAIL-R1 complex when the same blot was probed with 
anti-TRADD and anti-FADD antibodies (data not shown). 
These results suggested that TRAIL treatment induces the 
recruitment of RIP to the TRAIL-R1 complex. Although over- 
expression of TRADD and FADD can help RIP bind to 
TRAIL-R1, both TRADD and FADD are not in the 
TRAIL-R1 complex. 



Neither RIP nor TRAF2 is required for TRAIL-induced 
apoptosis. TRAIL is a potent inducer of apoptosis, but the 
molecular mechanism of TRAIL-induced apoptosis is still un- 
clear (1). Since our study suggested that RIP and TRAF2 are 
important components of the TRAIL signaling pathway, we 
next investigated whether RIP and TRAF2 are involved in 
TRAIL-induced apoptosis. Normally, fibroblasts do not die 
upon TRAIL treatment, but they can be rendered sensitive to 
TRAIL in combination with cycloheximide (CHX) treatment. 
Therefore, to induce apoptosis, the wt, RIP"''", and TRAF2 w ~ 
cells were treated with both GST-TRAIL and CHX. Cells were 
collected at 0, 2, 4, 6, 8, and 24 h after treatment, and the 
percentage of apoptosis in each type of cells was determined by 
trypan blue exclusion staining. As shown in Fig. 7, the absence 
of RIP or TRAF2 had no effect on TRAIL-induced apoptosis 
since both RIP~"'~ and TRAF2 _/ ~ cells died to the same 
extent as the wt cells. These results suggested that both RIP 
and TRAF2 arc not required for TRAIL-induced apoptosis. 

DISCUSSION 

Because TRAIL selectively induces apoptosis in tumor or 
transformed cells but not in normal cells, it has shown great 
potential to be a valuable tumor therapeutic agent (2, 10, 46). 
Like other members of the TNF superfamily, TRAIL has other 
biological functions such as activating transcription factor 
NF-kB and JNKs (14, 16, 17, 29, 37). Although much effort has 
been made to investigate the biological functions of TRAIL 
since it was discovered, the molecular mechanism of TRAIL 
signaling is still largely unknown. Recently, it was suggested 
that TRAF2, an important effector of TNF signaling, was in- 
volved in both NF-kB and JNK activation induced by overex- 
pression of TRAIL receptors (14). In our study, we reported 
that another critical effector of TNF signaling, RIP, plays a 
critical role in TRAIL-induced activation of both IKK and 
JNK. We also found that while overexpression of the dominant 
negative mutant TRAF2 blocked TRAIL-induced IKK and 
JNK activation, the absence of TRAF2 affected TRAIL-in- 
duced JNK activation but had little effect on IKK activation. In 
addition, we also demonstrated that neither RIP nor TRAF2 
was required for TRAIL-induced apoptosis. 

The death domain kinase RIP is an essential effector for 
TNF-induced NF-kB activation (20, 41). It has been suggested 
that RIP plays a similar role in DR3/Apo3-mediated NF-kB 
activation (1). Here we provided evidence that RIP is also 
essential in TRAIL-induced NF-kB activation. The dominant 
negative mutant of RIP efficiently blocked TRAIL-induced 
IKK activation. In RIP^ cell lines, no IKK activity was de- 
tected following TRAIL treatment. Furthermore, we found 
that RIP was present in the TRAIL-R1 complex, whose for- 
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mation is TRAIL dependent. However, because RIP does not 
directly interact with TRAIL- Rl (Fig. 6A), it seems that the 
recruitment of RIP requires additional adapter molecules. In 
previous overexpression experiments, it was shown that the 
presence of TRADD and FADD resulted in the interaction of 
TRAIL-R1 and RIP (5). Our results have confirmed this ob- 
servation (Fig. 6A). But since TRADD and FADD were not 
found in the TRAIL-R1 complex (Fig. 6B), they may not be 
the molecules that mediate the endogenous TRAIL-R1-RIP 
interaction. Consistent with this possibility, it has been shown 
that FADD is not required for TRAIL-Rl-mediated apoptosis 
(25). Therefore, it is possible that the recruitment of RIP to 
TRAIL receptors is mediated by other death domain-contain- 
ing factors. 

Previous studies involving overexpression of the dominant 
negative mutant RIP had shown that RIP was involved in 
TNF-induced JNK activation (23). However, a study using RIP 
knockout mice showed that RIP had little effect on TNF- 
induced JNK activation (20). In this study, however, we found 
that RIP was required for TRAIL-induced JNK activation. 
Overexpression of the dominant negative mutant RIP com- 
pletely abolished TRAIL-induced JNK activation (Fig. 2). In 
addition, TRAIL-induced JNK activation was greatly de- 
creased in RIP W ~ cells (Fig. 4). These data suggested that RIP 
is involved in IKK and JNK activation by TRAIL treatment. 
Therefore, RIP is a critical effector in TRAIL signaling. 

TRAF2 was initially identified as a component of the 
TNF-R2 complex and was also found in the TNF-R1 signaling 
complex (23, 31). Previous studies involving overexpression of 
TRAF2 and its dominant negative mutant had shown that 
TRAF2 played a critical role in TNF-induced NF-kB and JNK 
activation. However, the aforementioned study with a genetic 
approach reported that removal of TRAF2 caused the dimin- 
ishmcnt of TNF-induced JNK activation and had only a minor 
effect on TNF-induced NF-kB activation (51). In this study, we 
found that TRAF2 had a similar effect on TRAIL signaling: 
the absence of TRAF2 severely affected TRAIL-induced JNK 
activation but had no detectable effect on IKK activation (Fig. 
3 and 4). But in the overexpression experiments, we found that 
TRAIL-induced activation of both IKK and JNK was blocked 
by the dominant negative mutant of TRAE2 (Fig. 2). This 
observation is consistent with a recent report (i-t). One possi- 
bility is that other TRAF proteins, such as TRAF5, may re- 
place the function of TRAF2 to mediate TRAIL-induced IKK 
activation. Therefore, the effect of the absence of TRAF2 on 
TRAIL-induced IKK activation might be minimized by the 
presence of other TRAF proteins. However, when the domi- 
nant negative mutant of TRAF2 is overexpressed, it might also 
block the function of other TRAF proteins; as a result, over- 
expression of the dominant negative mutant of TRAF2 inhibits 
TRAIL-induced IKK activation. Further studies are necessary 
to elucidate the role of TRAF proteins in TRAIL-induced IKK 
activation. 

It has been reported that FADD is dispensable for TRAIL- 
induced apoptosis although it is essential for TNF- and Fas- 
mediated cell death (25, 50, 53). But because overexpression of 
dominant negative FADD efficiently blocked TRAIL-induced 
apoptosis (45), it is possible that a FADD-like death factor 
mediates TRAIL-induced cell death. In this study, we demon- 
strated that neither RIP nor TRAF2 is required for TRAIL- 
induced apoptosis (Fig. 7). Although JNK activation is essen- 
tial for cells to undergo apoptosis in some circumstances, it is 
unlikely that JNK activation is involved in TRAIL-induced 
apoptosis since TRAF2 _/ ~ cells died to the same extent as wt 
fibroblasts. On the other hand, because NF-kB activation pro- 
vides an antiapoptotic effect (4, 23, 43 , 48), RIP-mediated 



NF-kB activation following TRAIL treatment may protect 
cells against TRAIL-induced apoptosis. Unfortunately, be- 
cause RIP~ /- fibroblasts are insensitive to TRAIL treatment 
and CHX is necessary to induce death of RIP~ /_ cells, we 
failed to evaluate the antiapoptotic effect of NF-kB activation 
in TRAIL-induced apoptosis with those fibroblasts. However, 
we found in a previous study that RIP was cleaved by caspase-8 
in Fas-, TNF-, and TRAIL-induced apoptosis (22). Impor- 
tantly, the cleavage of RIP abolished its ability to efficiently 
activate NF-kB. Therefore, NF-kB activation may also be anti- 
apoptotic in response to TRAIL treatment. This possibility is 
further supported by the observation that inhibition of NF-kB 
activation sensitized several types of tumor cells to TRAIL 
treatment (16, 17). 

Taken together, the results of our study shed some light on 
the molecular mechanisms of TRAIL signaling. We demon- 
strated that both RIP and TRAF2 are important effectors of 
TRAIL signaling. In addition, neither RIP nor TRAF2 is re- 
quired for TRAIL-induced apoptosis. Because TRAIL has 
been pursued as a potential cancer therapy, knowledge of 
TRAIL signaling will accelerate this process and help in de- 
veloping new strategies for improving its therapeutic value. 
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